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A b s t r a c t
The demand for faster, smaller and cheaper electronic devices such as mobile phones 
and mp3 players, together with Moore’s law, are the driving forces behind the 
miniaturisation o f transistors in silicon-based processors and memory. As the 
aggressive downscaling o f the transistors continues, stringent requirements are placed 
on the most d ifficu lt parts o f the transistor to fabricate: the source/drain extension 
regions, which are required to be ultra-shallow and highly-active.
Today, the most common technique to produce these regions is to pre-amorphise the 
surface region with a relatively high mass ion, typically germanium, and then implant 
low energy boron into the amorphous region. During subsequent annealing, solid phase 
epitaxial re-growth transforms this region back to its original crystalline structure, with 
the boron incorporated substitutionally. However, excess silicon interstitials remaining 
just beyond the original amorphous/crystalline interface position condense into clusters 
which evolve into extended defects known as End o f Range (EOR) defects. During 
annealing, silicon interstitials are released from the EOR defects and their coupling with 
boron leads to Transient Enhanced Diffusion (TED) and Boron-Interstitial Cluster (BIC) 
formation. These processes, in turn, lead to increased junction depth and reduced dopant 
electrical activation respectively. In addition, any defects that remain in the sample 
provide current leakage paths through the junction that degrades transistor performance. 
Therefore novel techniques in transistor fabrication are needed to overcome these 
problems. Laser annealing is one such technique where the very high temperature for a 
very short time gives an advantage over conventional rapid thermal annealing in terms 
o f a shallower junction depth and higher boron electrical activation.
This thesis investigates the use o f a scanning non-melt laser to anneal boron implanted 
into germanium pre-amorphised silicon to form ultra-shallow junctions for future 
transistors. It is demonstrated that ultra-shallow junctions (~16nm) are formed that are 
highly active (~6xlO20 cm'3). The deactivation and diffusion during post-laser rapid 
thermal annealing due to excess silicon interstitials being released from EOR defects 
can be minimised by optimising the laser annealing conditions resulting in a thermally 
stable ultra-shallow junction. Furthermore by optimising the germanium pre- 
amorphising implant, EOR defects can be eliminated by the laser annealing.
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Chapter 1: Introduction
C h a p t e r  1 : I n t r o d u c t i o n
In December 1947, a revolutionary electronic device was invented; this device was 
called the Transistor. Invented by John Bardeen, Walter Brattain and William Shockley 
at Bell telephone labs, New Jersey, USA [ l ]  it was just a simple electronic switch that 
went on to shape the modern world around us in its many applications ranging from the 
digital watch on your wrist, to space exploration. It was helped on its way by Jack 
Kilby, who in 1958 fabricated the first integrated circuit o f transistors on a single piece 
o f germanium (the first “ chip” ) [2], and Robert Noyce who developed planar silicon 
technology a year later [3]. I960 saw the first o f what is to become the work-horse of 
silicon chips, the Metal Oxide Semiconductor Field Effect Transistor (MOSFET), made 
by John Atalla and Dawon Kahng o f Bell labs [4].
Figure 1: (Left to right) The first Bipolar transistor made at Bell labs in 1947, A transmission 
electron micrograph of a CMOS transistor, The first integrated circuit fabricated in 1958. (Pictures 
from; www.ee.vt.edu,ww w.intel.com and www.computer-museum.org)
The resulting sophisticated modern microelectronics industry is driven by the demand 
for faster and smaller products such as mp3 players and laptop computers. This demand 
can be met by increasing the number o f transistors that are manufactured on each silicon 
chip, which means that each individual transistor has to be smaller. Gordon Moore (co­
founder o f Intel) made an observation in 1965 that the amount o f devices on a single 
chip had doubled roughly every 2 years since the advent o f the integrated circuit; he 
predicted that this trend could continue for the next 10 years. This has become known 
as “ Moore’s law” [5] (Figure 2). This trend has continued right up until the present day 
by [6] scaling down the transistor size, and in fact the trend has exceeded Moore’s 
predictions and device density has doubled approximately every 18 months-2 years 
making silicon microelectronics the fastest evolving technology in the world. To put 
this in prospective, consider this quote from the Intel website: “ In 1978, a commercial
1
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flight between New York and Paris cost around $900 and took seven hours. I f  the 
principles o f Moore’s law had been applied to the airline industry the way they have to 
the semiconductor industry since 1978, that flight would now cost about a penny and 
take less than one second” [7]. To keep to Moore’s law, the semiconductor industry 
devised the International Technology Roadmap for Semiconductors (ITRS) [8] which 
sets out, amongst other issues, the requirements for device scaling.
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Figure 2: (Left) Graph of Moore's law from his article in “Electronics” (1965) showing increasing 
component count on a chip }5] and (Right) Circuit diagram of a simple CMOS inverter using n- 
channel and p-channel MOS devices (Taken from www.cs.umass.edu).
The main transistor type used in microchips is the complementary metal oxide 
semiconductor field effect transistor or “ CMOS” . One CMOS “cell”  comprises o f one 
NMOS (n-channel MOS) and one PMOS (p-channel MOS) transistor fabricated side- 
by-side, this is advantageous as together they make up the basic logic unit, the inverter 
(Figure 2) that is used to construct logic gates used in the circuit o f the chip. CMOS 
transistors typically use less power than bipolar junction transistors as they only draw 
power when they are switching. This is particularly attractive for portable devices 
where battery life is important.
1 .1  M o t iv a t io n
The motivation for this dissertation is driven by the desire to fabricate ultra-shallow, 
highly active p-type source/drain extension regions for future p-channel MOSFETs. 
These extensions are highlighted in Figure 3 which shows a simple schematic o f a 
PMOS transistor, and are required in modern transistors to overcome problems o f 
device down-scaling (such as short-channel effects), these regions are typically only a
2
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few nanometres deep. A lim iting factor is the resistance/capacitance time constant that 
increases due to the higher resistances that smaller devices have [9], therefore S/D 
extensions need to have the lowest sheet resistance (Rs) possible.
P-type Source p.type Drain
Figure 3: Simple diagram of a PMOS transistor.
Current manufacturing processes for creation of p-type source/drain extensions involve 
ion implantation o f boron or BF2 at low energies of a few hundred electron volts (eV) 
with high doses (-lO 1' atoms cm'2) and activating them with spike (zero dwell time) 
rapid thermal anneals. The aim is to get the largest amount o f boron atoms on 
substitutional lattice sites (activation) in the smallest amount o f space possible. This is 
represented in Figure 4 which shows the active concentration o f boron atoms (Ns) 
against depth into the silicon. The red line traces the active concentration o f boron 
atoms in the p-type region and the background doping level o f the n-type donor atoms 
in the silicon, where the two doping levels become equal is where we define the 
metallurgical junction depth (X j). So the aim is to increase Ns, whilst keeping Xj as
Figure 4: Diagrammatic definition of the active concentration (Ns) and junction depth (Xj).
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The group III element Boron is the p-type dopant o f choice due to its superior solubility 
in silicon over the other group III dopant elements (Aluminium, Gallium and Indium). 
But there are problems with the use o f boron and with the formation processes 
themselves. Clustering o f the boron due to its high concentration and its interaction 
with excess silicon interstitials produced by implantation lowers Ns, this is known as 
deactivation. Diffusion due to the high thermal budget o f the rapid thermal annealing 
and enhanced diffusion due to the excess silicon interstitials increases X j. These are the 
two main obstacles to overcome in order to achieve the objective o f an ultra-shallow, 
highly active junction.
Low thermal budget annealing has gained interest (flash-lamp or laser) as they have 
very short anneal times so the Xj can be kept small and a higher temperature can be 
used that increases the Ns. However, deactivation and diffusion can still occur.
1 .2  A im
The objective o f this dissertation is to investigate non-melt laser annealing as a tool for 
the formation o f ultra-shallow and highly active boron profiles in pre-amorphised 
silicon. The primary objective is to study the deactivation o f the boron and understand 
the role o f silicon interstitial defects and boron clusters in this mechanism.
1 .3  N o v e l t y
This novel aspect o f this research is the investigation of the deactivation o f boron after a 
Diode laser source has been used to anneal the implant damage and activate the boron. 
This laser is a continuous wave (CW) laser that operates in the near infra-red part o f the 
spectrum and does not melt the silicon during the annealing. This differs from other 
current laser annealing research which focuses on activation o f boron using pulsed 
ultraviolet lasers (typically excimer lasers) that melt the surface region o f the silicon.
4
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C h a p t e r  2  : L i t e r a t u r e  R e v i e w
2 .1  I n t r o d u c t i o n
This chapter covers the issues o f device scaling, boron doping o f silicon and thermal 
processing. A historical survey o f the major breakthroughs in understanding the basic 
physical properties o f dopant behaviour in silicon and thermal processing techniques is 
carried out. The final part o f this chapter focuses on laser thermal processing and the 
current state o f research o f using non-melt lasers to anneal dopants in silicon.
2 .2  D e v ic e  S c a l in g  a n d  i t s  P r o b le m s
When transistor dimensions and hence channel lengths become very small (<lpm ), a 
number o f unwanted “ short channel effects” become dominant on the device and the 
gate loses its control resulting in device break down [10-12]. These effects arise when 
the channel length becomes comparable to that o f the depletion layer widths and the 
depths o f the source and drain regions (as seen in Figure 5). These effects include: 
Punch Through, Threshold Voltage Roll-off and Drain Induced Barrier Lowering.
Y e
Figure 5: Short channel device showing depletion regions (red dashed lines) , applied voltages and 
source/drain junction depth.
• Punch through occurs when the channel becomes so short that the depletion 
regions o f the source and drain overlap and the gate loses control o f the current. 
This can be overcome by increasing the doping o f the channel region.
5
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• In transistor operation, as the gate voltage is increased, the channel region is first 
depleted and then a low resistance inversion layer is created. This inversion 
layer allows current to flow from the source to the drain, and the voltage needed 
to create the inversion layer is called the “ threshold voltage” . However, as the 
channel length is decreased, the source and drain depletion regions take up a 
greater area in the channel. Thus the gate voltage required to achieve inversion 
decreases with decreasing channel length and is known as “ threshold voltage 
ro ll-o ff’. This effect can be overcome by reducing the source and drain junction 
depths and hence reducing the area in the channel that is depleted by them.
• In long channel devices, the potential barrier that exists between the source and 
channel is controlled by the gate voltage. In short channel devices, this potential 
barrier is also controlled by the drain voltage. As the drain voltage is increased, 
the potential barrier is lowered and electrons can eventually flow between the 
source and drain. This is known as “ Drain induced barrier lowering” . This is 
also, in effect, a lowering o f the threshold voltage.
To overcome these latter effects, the junction depth o f the source and drain regions can 
be reduced. These very shallow regions are known as source/drain extensions. 
However, as the junction depths o f the source/drain regions are reduced, their resistance 
increases. To keep the resistance as low as possible, the extensions are made highly 
doped.
Year of Production 2005 2006 2007 2008 2009 2010 2011 2012
Gate Length (nm) 32 28 25 23 20 18 16 14
Drain Extension Xj (nm) 11 9 7.5 7.5 7 6.5 5.8 4.5
Max Drain Extension Sheet 
Resistance (PMOS) (ohms/sq)
1306 1348 1280 1480 1354 1300 1096 1186
Table 1: Source/drain extension junction depths and sheet resistances in the near term [8],
The down scaling o f devices to meet Moore’s law is governed by the International 
Technology Roadmap for Semiconductors (ITRS). Table 1 shows the requirements 
from the 2006 update o f the ITRS for ultra-shallow source/drain extension regions 
(junction depth and sheet resistance) in the near-term. It can be seen that as the junction 
depth is decreased, the sheet resistance o f the extension is generally allowed to increase.
6
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The junction depths are extremely shallow, in the order o f a few nanometres, but this is 
attainable by using the appropriate ion implantation conditions.
Boron is the most widely used p-type dopant in silicon for the formation o f ultra­
shallow junctions. Other p-type dopants exist such as gallium, indium and aluminium, 
but historically boron is the dopant o f choice. This is mainly due to boron having a 
much higher solid solubility in silicon than the alternative dopants [12]. Other 
advantages are that boron has a lower diffusion coefficient than aluminium [12] and 
out-diffusion o f gallium and indium can occur during annealing which results in a lower 
retained dose [13, 14]. Also boron has a lower ionisation energy than the other p-type 
dopants at 0.045eV.
The use o f boron does however have a couple o f issues that need to be addressed in 
order to achieve highly active, ultra-shallow junctions for future devices. One such 
issue is that due to the small size o f the atoms, during implantation some o f the atoms 
enter crystallographic channels in the silicon lattice and are implanted deeper into the 
substrate (channelling) resulting in an increase in junction depth. Also, Transient 
Enhanced Diffusion (TED) o f boron during annealing which is due to the presence o f a 
supersaturation (excess) o f silicon interstitials increases junction depth. The biggest 
challenge however is that o f boron interstitial clusters (BICs) that form in the high 
concentration part o f the boron implant profile. These clusters are also due to the 
presence o f excess silicon interstitials and can lim it the electrically active concentration 
o f the boron during annealing and can also deactivate boron atoms that were previously 
activated. These issues w ill be discussed in the following sections.
2 .3  I m p la n t a t io n  D a m a g e  a n d  E x t e n d e d  D e f e c t s
The accepted industry standard to form the source and drain regions in devices is by ion 
implantation o f the desired dopant atoms. Implanting into single crystal silicon 
introduces damage into the lattice; the extent of the damage depends on the size o f the 
incident ion, its energy and the implanted dose. It is possible to produce so much 
damage that a continuous amorphous layer can be formed. This can be either at a depth
7
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around the projected range o f the implant, at the surface or can extend from depth to the 
surface.
The damage occurs in the crystal due to collisions, or stopping mechanisms between the 
incoming ions and the target silicon atoms. There are two types o f mechanism; nuclear 
stopping and electronic stopping. Nuclear stopping is where the incident ions transfer 
energy to the silicon nuclei much like billiard balls colliding with one another. This 
mechanism can deflect the incident ion and displace the target atoms. The displaced 
target atoms then have energy to lose with collisions with other target atoms. One 
incident ion may lose energy to many target atoms, causing a “ collision cascade” . The 
probability that an incident ion w ill collide with a target atom increases as the ion’s 
speed decreases, this means that most o f the energy deposited throughout the ion track 
is at the projected range (Rp) o f the ion. Electronic stopping is the mechanism where 
the incident ion loses energy to by exciting electrons in the target atoms; this can be 
likened to friction from drag.
The result o f the damage is that silicon atoms are knocked out o f lattice sites to become 
silicon self interstitial atoms and leave behind a gap in the lattice, known as a vacancy. 
These are collectively known as Frenkel pairs, and a spatial separation exists between 
them due to forward momentum transfer from the incident ions to the host lattice. 
Nuclear stopping introduces more damage into the target than electronic stopping and 
larger ions (for example germanium) lose more o f their energy to the target atom 
through nuclear stopping. This translates to increased damage per incident ion when 
compared with smaller ions (e.g. boron).
Chapter 2 : Literature Review
Figure 6: Defect types in ion implanted silicon, in relation to the threshold damage density [16].
+.D.D.-
102
<§. 1021 &‘MUX­
'S JO28UPI '°19Q
Implantation damage, be it light, heavy or complete amorphisation (discussed below) is 
repaired by thermal processing, or annealing (see section 2.6). During the annealing the 
silicon interstitials and vacancies recombine and dopant atoms become incorporated into 
lattice sites. However, due to the spatial separation of the vacancies and interstitials, a 
vacancy rich region near the surface and an interstitial rich region around the R p of the 
implant are formed. In addition, each impurity atom that occupies a substitutional 
lattice site results in one excess silicon atom that resides as an interstitial, the end 
product is a net excess or supersaturation of silicon interstitials this is known as the 
“+ 1” model. These excess interstitials then evolve into defects in the crystal during 
annealing [15].
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Figure 7: Transmission electron micrographs showing (upper) extended defect evolution through 
annealing at different temperatures and times, and (lower) the types of extended defects in silicon 
[17].
Defects in silicon are a widely studied phenomenon. There are five recognised types of 
defect that form in the crystal, the type that forms depends on the starting conditions of 
the silicon after ion implantation, these are shown in Figure 6 [16]. When silicon is 
implanted at moderate doses (not enough to cause amorphisation) the defects that form 
are called type I defects. When the implantation damage reaches the threshold damage 
density (TDD) and an amorphous layer is formed, Type II defects occur in the end of 
range (EOR) region after the amorphous layer has re-grown by solid phase epitaxial re-
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growth (SPER), this is explained in more detail in the following section. Type I and II 
defects are essentially the same kind of defect but the difference is that E O R  defects are 
confined to the region beyond the initial amorphous/crystalline interface. Type III 
defects are also associated with amorphous layers, these are threading dislocations that 
occur through the crystalline region formed during SPER of the amorphous layer. Type 
IV defects form at the meeting point of re-growth fronts when a buried amorphous layer 
is formed. Finally, type V  defects form where the concentration of the implanted 
dopant exceeds its solid solubility and dopant clusters or precipitates are formed. For 
this dissertation, the types of defects that will be encountered are type II and type V  
defects.
5  m i n  2 0 m i n  3 5  m i n  4 0  m i n
Figure 8: High resolution T E M  images of a 113 defect evolving into a dislocation loop (19].
The evolution of type I and II defects during annealing is also well studied and 
understood [17]. Figure 7 shows T E M  micrographs of extended defect evolution as a 
function of anneal temperature and time, the types of defect that form are highlighted on 
the right [17]. The starting points are di-intersititals and small clusters that form from 
the interstitial supersaturation. These evolve into {113} extended defects that were first 
discovered by Eaglesham et al [18]. These consist of a monolayer of hexagonal defects 
that lie in the {113} plane. This particular arrangement is stable due to the defect being 
able to sit in the silicon structure leaving no dangling bonds. Finally, the {113} defects 
turn into perfect or faulted dislocation loops, this can be seen in Figure 8 [19]. Defect 
evolution follows a non-conservative Ostwald ripening path [20]. This is where larger 
extended defects grow at the expense of smaller clusters and defects. These smaller 
defects dissolve and release silicon interstitials that migrate toward the surface and bulk 
and can be incorporated into the larger more stable defects. The end product is a lower
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number of large extended defects [21]. Non-conservative means that the total number 
of interstitials that are in the defects decreases during the evolution, the rest recombine 
with vacancies, migrate to the surface or cluster with the dopant atoms.
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Figure 9: Graph showing formation energy of defects in silicon as a function of defect size. Taken 
from Cristiano et al [IS].
The graph in Figure 9 shows the formation energies of extended defects in silicon [15]. 
It can be seen that as the size of the defect increases, the formation energy decreases, 
this characteristic explains why Ostwald ripening happens, it is energetically 
preferential for the silicon interstitials to attach themselves onto the larger defects.
Pre-amorph is at ion
As mentioned in the previous section, boron atoms can channel through the crystal 
lattice during implantation. This creates a deeper implant tail than if boron was 
implanted into an amorphous structure. One way of preventing this is to implant a 
neutral (group IV) species such as silicon or germanium to amorphise the surface region 
of the silicon before the dopant is implanted, hence “pre-amorphisation”. When the 
right implant conditions exist (ion size, energy and dose), the damage created at the R p 
of the implant increases and accumulates until damage saturation occurs where a buried 
amorphous layer around the R p is created. As the implanted ion dose is increased, this
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amorphous region spreads from the R p of the implant towards the surface, forming a 
continuous surface amorphous layer. A  good review on amorphisation has been carried 
out by L. Pelaz [22].
The dopant implant can then be made such that the whole or part of the profile is 
contained within this amorphous region thus suppressing the channelling tail and 
increasing the abruptness of the profile. Using pre-amorphisation has the added bonus 
that as the amorphous region re-grows to perfect single crystal during annealing by solid 
phase epitaxial re-growth (SPER). Boron is incorporated into substitutional lattice sites 
up to high concentrations [23]. As well as highly activated dopant profiles, minimal 
dopant diffusion occurs because S P E R  can be carried out at low temperatures [24, 25]. 
Germanium is the preferred pre-amorphising implant (PAI) species because of the 
sharpness (due to the lower straggle of Ge when compared to Si) of the created 
amorphous/crystalline interface.
The main problem with using a pre-amorphising implant is that an excess of Si 
interstitials remains after the implantation and solid phase epitaxial re-growth. During 
SPER, the amorphous region re-grows to perfect crystalline silicon, annihilating the 
implantation induced interstitials and vacancies, but because of the spatial separation of 
them discussed previously, an excess of Si interstitials resides in the region beyond the 
original amorphous/crystalline (a/c) interface known as the end of range (EOR).
2.4 Dopant Diffusion
Diffusion of dopant atoms in silicon has received a lot of attention because its control is 
crucial for modern and future devices. A  comprehensive review of dopant diffusion can 
be viewed in the paper by Fahey et al [26].
The simplest model is that of equilibrium diffusion along the concentration gradient 
from regions of high concentration to regions of low concentration; this known as 
Fick’s diffusion equation [12]: -
J = - D —  Eqn 1.
dx
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Where J is the diffusion flux, D  is the diffusion coefficient &  is the concentration and x 
is the length. The diffusion coefficient is temperature dependant and increases with 
temperature as can be seen in the following equation: -
Ll
D  = D 0 exp kT Eqn. 2
Where Ea is the activation energy for diffusion, /c is Boltzman’s constant and T is 
temperature. As well as being temperature dependant, the amount of diffusion that 
occurs is also time dependant as can be seen in the following equation for the diffusion 
length (Z).
L = jDt Eqn 3.
These two last equations show that the diffusion length of an impurity is more time 
dependant (where L is proportional to t) than temperature dependant (where L  is 
proportional to exp’ft.
During annealing, the amount of energy transferred to the wafer is called the “thermal 
budget” and is proportional to temperature and time. It is desirable to keep the thermal 
budget low to limit the amount of diffusion, and as explained above, diffusion is 
predominantly time dependant. This means that the duration of the anneal needs to be 
kept to a minimum. A n  example of this is a study by Chong et al [27] that showed that 
by increasing the ramp rate of a rapid thermal annealing (RTA) system whilst keeping 
the target temperature and time the same, the junction depth was reduced due to the 
lower thermal budget. It is reported that for diffusion to be essentially zero, a spike 
anneal with a ramp-up rate approaching 1010 °C/s is desired [28], modern R T A  systems 
however can only achieve ramp-up rates in the region of 200-400°C/s. Flash lamp and 
scanning laser anneals can obtain faster ramp rates in the order of 106 °C/s [29] and 
annealing using pulsed laser shots can achieve ramp up rates of the desired order [28].
14
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Figure 10: Impurity diffusion in silicon showing direct (a) and indirect (b) mechanisms [29].
Looking in more detail, there are different mechanisms by which dopants can diffuse in 
silicon, these were reviewed by Bracht are highlighted in Figure 10 [30]. Diffusion 
comes in two main types, direct (a) and indirect (b). The direct mechanisms shown in 
figure 9(a) are interstitial dopant (Aj) and substitutional dopant (As). The indirect 
mechanisms shown in figure 9(b) occur by interaction of the dopant atoms with point 
defects (interstitials and vacancies), these are sub-divided into 4 types; 1 and 2 represent 
the vacancy and interstitialcy mechanisms, where 3 and 4 are the “kick out” and the 
dissociative (Frank-Turnbull) mechanisms. Boron diffuses mainly by mechanisms 2 
and 3, which are collectively know as interstitial mediated diffusion. However the 
presence of point defects in dopant diffusion complicates matters, silicon self-interstitial 
interaction with dopant atoms can cause what is known as transient enhanced diffusion 
(TED) of dopant atoms such as boron, phosphorus and arsenic.
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Transient Enhanced Diffusion
This most undesirable type of diffusion (transient enhanced diffusion) [31-34] is a 
serious obstacle to overcome in shallow junction formation. Transient enhanced 
diffusion occurs during the beginning of an R T A  cycle, where a flux of excess 
interstitials move towards the surface and kicks out substitutional boron atoms or 
creates highly mobile boron/interstitial pairs before they recombine at the surface. The 
result is an enhanced diffusion of the soluble boron. This is best shown in Figure 11 
where a boron implant has been annealed for different times at 800°C, the enhanced 
diffusion saturates after 60 minutes, highlighting its transient nature. The flux of 
interstitials comes from the dissolution of the extended defects or BICs. Figure 11 also 
shows the effect of T E D  on boron diffusion from a study by Stolk et al [35]. The 
thermal diffusion after a 810°C 15 minute anneal is very small in comparison to a same 
anneal where excess silicon interstitials have been introduced by a silicon implant, here 
the effect of transient enhanced diffusion is clearly seen [35].
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Figure 11: (Left) Boron SIMS profiles before and after annealing at 800°C for different times. The 
transient nature of the enhanced diffusion is shown by its saturation after 35mins [31], (Right) 
SIMS profiles of boron before and after an 810°C 15 min anneal [35]. Thermal diffusion (2) is 
small, but enhanced diffusion is seen (3) when surface damage is introduced by a silicon implant.
The determination of this anomalous enhanced diffusion of dopants in silicon was a 
point of much debate. It was first reported as the “emitter push effect” during formation 
of bipolar junction transistors (BJTs); Enhanced diffusion of the base dopant was 
observed after phosphorous was diffused into the silicon to form the emitter region [36].
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The cause of the enhanced diffusion was attributed to point defects, but the nature of 
them, (vacancies or interstitials) was not known.
The first dopant diffusion study that highlighted anomalous enhanced diffusion was by 
Hofker et al [33, 34]. Whilst studying the diffusion during annealing of boron ions 
implanted into silicon, Hofker et al found a fast diffusing fraction of boron in the tail of 
the implant, this fast diffusion saturated after a time that was dependant on the 
annealing temperature. They attributed this enhanced diffusion to fast diffusing 
interstitial boron that eventually gets trapped by vacancies where normal diffusion 
resumes. Hodgson et al [37] also observed an enhanced diffusion of the boron tail, they 
also assumed that it was due to fast diffusing interstitial boron that channelled during 
implantation and subsequently got trapped by vacancies. The fast diffusion of boron in 
the tail later became known as transient enhanced diffusion as it occurs at the beginning 
of the anneal cycle before saturating, resulting in equilibrium diffusion thereafter [31].
Cho et al [31] carried out experiments to determine the cause of TED. They implanted 
B 11 into silicon and annealed it to fully activate the implant; Secondary Ion Mass 
Spectroscopy (SIMS) was used to analyse the boron profile. B 10 was implanted into the 
same wafer afterwards and annealed for a second time, SIMS was again used to look at 
both of the boron profiles, if the T E D  was due to interstitial boron diffusing quickly, 
then the B 11 profile would remain the same, but if it was due to point defect injection 
(silicon interstitials) from the second implant, the profile would broaden in the same 
way as the B 10 implant. The results showed that B 11 profile did broaden, therefore T E D  
is not due to fast diffusing interstitial boron, but due to point defects generated by 
implantation.
It wasn’t until Claeys et al [38], that the real mechanism was discovered. They studied 
the growth kinetics of stacking faults generated in silicon during thermal oxidation and 
demonstrated that stacking faults grew during thermal oxidation and shrank under an 
inert ambient. However, the growth was enhanced and the shrinkage retarded when 
boron was diffused into the samples during the annealing, this lead to Claeys et al that 
boron diffused with the aid of silicon interstitials.
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After the cause of T E D  was discovered, many studies were made on characterising 
TED. Michel et al [32] carried out a study of boron diffusion and showed that the 
enhanced diffusion of boron was transient in nature. The time taken for the enhanced 
diffusion to saturate was found to be temperature dependant, when annealing at 800°C 
the enhanced diffusion took 35 minutes to saturate. This decreased to 30 seconds at 
900°C, 15 seconds at 950°C and less than 5 seconds at 1000°C. The amount of 
enhanced diffusion was observed to decrease as the annealing temperature was 
increased. In 1994, Eaglesham et al [18] determined that the source of the silicon 
interstitials that drive T E D  were {113} defects. During annealing, these defects 
coarsened and evaporated, releasing Si interstitials. Juang et al [39] reported that the 
enhanced diffusion of boron increases when higher implantation doses are used, this 
was due to an increase in the excess of silicon interstitials. Cowern et al [40] 
investigated the effect of the surface proximity on T E D  in pre-amorphised silicon. The 
E O R  band was varied between depths of 80-175n m  and the boron implant was annealed 
1000°C for 1 second. It was found that the closer to the surface the E O R  band is, the 
more enhanced diffusion was seen. It was concluded that the flux of interstitial silicon 
atoms to the surface increased as the E O R  band was placed closer to the surface, but the 
super saturation of interstitials in the defects remained the same.
Other types of anomalous diffusion exist such as oxidation enhanced diffusion (OED) 
[41], boride enhanced diffusion (BED) [42]. The mechanism of O E D  is much the same 
as TED, silicon interstitials are the cause of the enhanced diffusion, but their origin 
differs. The interstitials in this case are injected from the surface region during oxide 
growth. The most controversial anomaly is BED. Studies found that as the energy of a 
boron implant into crystalline silicon is reduced T E D  also reduces [43], but decrease 
that to sub keV energies and enhanced diffusion starts to increase again. This was 
attributed to the very high concentration of boron forming a silicon boride phase with 
the silicon atoms, that inject self-interstitials during annealing, rather than interstitials 
being injected from extended defects in the T E D  case [42, 44].
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2.5 Boron Interstitial Clusters
The main obstacle for creating highly active ultra-shallow boron layers in silicon is the 
clustering phenomena. This is because boron atoms that reside in clusters are 
electrically inactive and these clusters are unfortunately, all too easily formed. Early 
work by Hofker et al [33] on the diffusion of boron during annealing reported that at 
high concentrations of B  the peak in an annealed boron profile remained static. Further 
work by the same group using Hall effect and layer removal showed that this static peak 
was also electrically inactive [34]. This lead to the conclusion that the static, inactive 
peak was due to boron precipitates. This static peak characteristic was observed by 
many people, but arguments that it was active or inactive went on until Cowern et al 
published a comprehensive study of boron diffusion and activation that confirmed that 
the peak was inactive (Figure 12) [45]. In the same paper, Cowern et al [45] also 
reported that this immobile and inactive fraction occurred at a concentration ~1 order of 
magnitude below the equilibrium solubility and that during annealing the peak remained 
long after T E D  had finished and that it dissolved slowly.
DeplhfnnnJ
Figure 12: SIMS and SRP profiles highlighting the inactive peak in boron implants annealed for 
different times [40].
Contrary to H o  fleer [34], they suggested that the cause of this immobile and inactive 
peak was clusters of boron and self-interstitial pairs containing rather than boron 
precipitates, this is the first reference [45] to what was later known as Boron Interstitial 
Clusters (BICs). Stolk et al also reported that boron can form clusters below solid 
solubility [46], they grew a super-lattice of boron marker layers and implanted silicon 
into the near surface region. The marker layers closest to the surface (where the
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implantation damage was) indicated that clustering was occurring, but the maker layers 
deeper in did not show any clustering. From these observations, they concluded that the 
clustering below solubility is due to an interaction of the B  with the introduced excess 
of silicon interstitials. This was supported by the findings of Mannino et al [47] who 
grew a buried boron “box” and implanted silicon so that it overlaps one end of the box. 
During annealing, it was found that where the implant damage overlapped the box, the 
boron did not undergo enhanced diffusion like the un-covered side but was immobile in 
the higher concentrations (see Figure 13). Furthermore, they suggested that BICs are 
energetically more stable than self-interstitial clusters and {113} defects and that they 
form either during the early stages of annealing or during the implantation itself.
2.1x10 
^  1.8x1010
o
^  1.5x10ie 
O
g 1.2x101B
C 170 9.0X10 7 o
Q  e.oxio’7 
3.0x10
0.2 0.3 0.4 0.5
Depth (pm)
Figure 13: Boron marker layer implanted with silicon atoms in the near surface region. After 
annealing, boron clustering and reduced diffusion is observed on the lefthand side where the 
silicon atoms have been introduced [42],
One of the reasons for the controversy over these boron clusters is that they are so small 
that they cannot be observed by transmission electron microscopy (TEM) which is the 
conventional way of viewing defect clusters in silicon. This has lead to the collective 
understanding that these clusters are formed of only a few boron and silicon atoms. 
Lourdez Pelaz has carried out a lot of work on modelling BIC formation and evolution 
[48, 49]. She came up with the BIC reaction pathway (Figure 14) which suggests the 
most energetically favourable forms of the clusters during evolution and dissolution, 
starting with the “Bfy” pre-cursers that she identified as the starting point for BICs in an 
earlier paper [49]. As mentioned above, these BIC pre-cursers are thought to form
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during ion implantation or the early stages of annealing. They are believed evolve in a 
high interstitial supersaturation environment by the addition of boron and silicon atoms 
that results in BICs with a high interstitial content, when the supersaturation decays, the 
BICs dissolve by releasing interstitials, resulting in stable boron-rich clusters [48].
Figure 14: The reaction pathway of boron interstitial clusters as suggested by Pelaz [43].
In summary, the cause of the static peak as observed in the early papers has been 
narrowed down to boron clustering with self-interstitials, the exact make up of these 
clusters is not completely known, but a lot of modelling has been done that has found 
the most likely formations which are small clusters containing only a few boron and 
silicon atoms. The root of the problem, as with TED, is the supersaturation of silicon 
self-interstitials that are created during the ion implantation, these are injected into the 
boron profile from extended defects that evolve and ripen during annealing and cluster 
with boron atoms. The focus now is on the effects of BIC formation on the electrical 
properties of boron implants.
Boron Deactivation.
The main affect BIC formation has on the electrical properties of boron implants is 
deactivation during annealing and/or post-activation thermal processes. Deactivation 
occurs when soluble (active) boron atoms are incorporated into BICs. A  lot of work has
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been carried out studying boron deactivation, a few examples can be seen in the 
literature [50-54]. The study by Cristiano et al [50] shows the typical 
activation/deactivation/reactivation curve found in sheet resistance measurements of 
pre-amorphised silicon samples that have been post-annealed after an initial solid phase 
epitaxial re-growth (Figure 15).
Figure 15: Typical Activation/ Deactivation/ Reactivation sheet resistance curve [44].
In this study, silicon was pre-amorphised to ~50n m  by a 30keV Ge implant, and then
1 r rx
implanted with boron at 500eV to a dose of 1x10 cm' . The amorphous region was re­
grown and the boron activated by a 650°C 5s anneal; this produced a sheet resistance of 
-800 ohms/sq. The sheet resistance was measured on a range of samples isochronally 
(30s) annealed at temperatures between 250°C-1050°C after the SPER. The results 
show that the sheet resistance remained constant until a post-anneal temperature of 800- 
850°C, where it increases, reaching a peak at -850°C. This increase in sheet resistance 
is called deactivation as it implies that the amount of active boron is decreasing. In this 
case, the deactivation was attributed to the formation of BICs, following interstitial 
release from dissolution of E O R  defects. The sharp reduction in sheet resistance above 
850°C shows boron reactivation, this implies an increase in the active fraction of the 
boron, and was attributed to the dissolution of BICs and substantial dopant diffusion. 
This sheet resistance trend can be regarded as the benchmark from which deactivation 
studies can be measured.
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Pawlak et al [53] also studied the deactivation of boron after S P E R  in Ge pre- 
amorphised silicon using a range of Ge implantation energies. They found that with 
increasing the PAI energy, a higher thermal budget and hence a higher post-annealing 
temperature was needed for deactivation to take place.
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Figure 16: Sheet resistance vs. post-anneal temperature for boron implants into crystalline or pre- 
amorphised silicon, annealed by flash lamp or SPER [48].
Deactivation after annealing with a flash lamp has been studied by Lerch et al [54]. 
They showed that by implanting boron into a crystalline substrate, deactivation during 
post-annealing doesn’t show in the sheet resistance measurements (Figure 16), however 
deactivation does occur if the boron is implanted into pre-amorphised silicon. This 
deactivation is very small in comparison to boron implanted into pre-amorphised silicon 
and re-grown by S P E R  at 650°C. Both types of anneal are low thermal budget, but the 
high temperature of the flash lamp will activate the boron to higher concentrations 
which results in the lower sheet resistance, but defect evolution and dissolution may be 
different resulting in the lower amount deactivation observed during the post-anneals.
Boron-interstitial clusters and the limits they impose on the solubility of boron are the 
biggest challenges to overcome when creating ultra-shallow junctions. The source is 
known (self-interstitials released from extended defects), but it is the effect on the defect 
evolution/dissolution and how the self-interstitials interact with the boron in the high 
temperature/short time anneal regime that is of great interest.
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2.6 Thermal Processing
Post-implantation thermal treatment is an integral part of semiconductor processing and 
is required to repair the implant damage and electrically activate the introduced dopants. 
The damaged silicon and dopants introduced by the implantation lie in an elevated 
energy state. This damage is repaired by thermal energy being introduced to the 
substrate (called annealing); the silicon and dopant atoms absorb this energy and restore 
themselves to a lower energy state, which is found when the atoms are arranged back in 
a crystalline manner with the dopant atoms on substitutional lattice sites. On such 
substitutional sites, the dopant atoms become electrically active; this process is also 
known as activation. W h e n  a continuous surface amorphous layer is created, the 
damage repair mechanism differs slightly. The amorphous layer re-grows to crystalline 
by a process called solid-phase epitaxial re-growth (SPER) using the single crystal 
substrate as a seed.
There are many ways to deliver this thermal energy to the silicon lattice. Figure 17 
shows the time/temperature plots of the different annealing techniques. The earliest 
type of thermal treatment used was furnace annealing Figure 17 (a), this typically took 
hours for the repair and activation to take place, but in this timeframe significant 
diffusion of the dopant was observed [12]. Rapid thermal annealing became accepted as 
the standard annealing process Figure 17 (b) when device dimensions required 
shallower junctions [55]. Rapid thermal annealing (RTA) uses an incandescent lamp 
(usually tungsten-halogen) to heat up the wafers, this process takes a matter of seconds 
for the wafer to heat up to the required temperature where it is held for a few seconds 
before the lamps are switched off and the wafer cools back down to room temperature 
[56]. Spike annealing is the current process technology, this works in the same way as 
R T A  but with a zero dwell time at the peak temperature and very fast ramp-up/ramp- 
down times [57]. Flash lamp annealing Figure 17 (c) is an even faster process where 
the wafer is taken up to an intermediate temperature by conventional R T A  means and 
then the target temperature is quickly (in the range of milliseconds) attained by use of a 
xenon (or similar) flash lamp [58]. Laser annealing Figure 17 (d, e) represents the 
fastest time frame of the annealing techniques and can produce annealing times of milli 
to nano seconds by using scanning or pulsed lasers.
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Figure 17: Time/temperature comparison between different annealing techniques, showing (a) 
Furnace annealing, (b) RTA, (c) Flash lamp and (d, e) Scanning and Pulsed laser annealing.
The thermal diffusion depth (Ax) in silicon dictates its response to the different 
annealing regimes, the responses can be classified in three ways:-
These are called adiabatic, thermal flux and isothermal respectively. Figure 18 shows 
the depth distribution of the heat during these various annealing regimes, (a) shows the
the point that the silicon becomes molten, (b) and (c) show the distributions for thermal 
flux annealing (scanning laser or flash-lamp annealing), in the two cases where the 
surface does melt and where it does not, and finally (d) shows the isothermal regime 
where the whole wafer is at the same temperature, such as rapid thermal or furnace 
annealing.
1. Ax «  xa
2. xa < Ax < d
3. Ax > d
(xa = thickness of absorbing layer) 
(d = thickness of wafer)
distribution under adiabatic melting laser annealing, only the surface region heats up to
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Figure 18: Depth/Temperature diagrams of the various annealing regimes.
It has been shown that dopant activation is dependant on temperature rather than anneal 
soak time [39]. To achieve higher dopant activation, it was suggested that a shortened 
soak time and ultra fast ramp-up to a high temperature is needed. To demonstrate this, 
boron implants were annealed using a laser and compared with an R T A  cycle, the laser 
annealed samples had lower sheet resistance than the R T A  samples which is indicative 
of higher activation.
2.7 Laser Thermal Processing
The technique of using a laser to anneal damage and activate dopant atoms in silicon 
has been investigated for a number of years starting in the late 1960s. This technique 
has advantages over conventional rapid thermal processes by yielding highly-activated 
abrupt ultra-shallow junctions (USJ) with low sheet resistance when used in conjunction 
with ultra low energy ion implantation and pre-amorphising implants (PAI). This 
makes it an exciting prospect for use in creating source/drain extension regions for 
future C M O S  devices.
2.7.1 Introduction
Laser annealing to activate dopants in semiconductors was first reported by Rao et al in 
1968 as a resistivity change in silicon after exposure to a ruby laser [59]. The technique 
however was later developed by Russian engineers in the 1970’s [60-62]. It was 
decided by them that heating of just the implanted layer rather than the whole wafer was 
beneficial for limiting degradation of the electrical properties of the semiconductor.
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This spawned a lot of research activity in the area of laser annealing and many reviews 
into the physics and its applications to semiconductors were published as a result [63- 
66].
The energy is transferred from the laser to the surface of the silicon by absorption of the 
laser light by the silicon valence electrons. The energy of the light has to be greater 
than that of the band gap of silicon (1.12eV at room temperature). This puts an upper 
limit on the wavelength of the light that can be used (1064 nm) which is in the infrared 
region. The absorption of the light is confined to the surface region (wavelength 
dependant) and the generated heat diffuses into the substrate. This is a great advantage 
of laser annealing because the thermal diffusivity of silicon and the very short time of 
the laser pulse allow the substrate to act as a heat sink, and thus the cool down period 
after heating is also very short. The anneal duration threshold between surface heating 
and bulk heating is in the order of ~10ms.
There are two phases of laser processing available for annealing silicon; these are melt 
and non-melt. Melt inducing laser annealing uses fluencies (energy densities) (J/cm2) 
large enough to melt the surface region of the silicon, the depth of the molten silicon is 
dependant on the wavelength and the energy density of the laser pulse [67-69]. N o n ­
melt laser annealing uses lower fluencies and the repair and activation occurs in the 
solid phase. These two types of annealing will be abbreviated to LTP (laser thermal 
processing, in the melt phase) and N L A  (non-melt laser annealing), for the remainder of 
this dissertation.
There are also two different energy delivery systems; pulsed laser shots or a scanning 
continuous wave (CW). The laser scans or pulses may be computer controlled to 
provide an accurate, repeatable, high speed system of annealing wafers.
C o m m o n  to both types of annealing is that the process takes very little time. Pulsed 
laser annealing typically uses pulses in the order of a few nanoseconds and C W  lasers 
have a dwell times of micro to milliseconds (for examples see [68-76]). These 
incredibly short times means that the diffusion of dopants is kept to a minimum [77].
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Figure 19: Thermal budget requirements on dopant activation and diffusion [76, 77].
Figure 19 shows the thermal budget criteria to activate 50%  of a 250eV boron ion 
implant into silicon [78] and the time it takes for boron to diffuse [79]. The graph 
shows that at very high temperatures, high activation can be achieved without 
significant diffusion; this is the realm of laser annealing.
2.7.2 Early R e s e a r c h
There have been studies in the past from a number of different research groups and this 
section highlights their main findings. A  group at Stanford University headed by James 
F Gibbons carried out a lot of research into C W  annealing of silicon in the late 1970s 
and early 1980s [71-74, 80]. They showed that C W  laser annealing using Ar or Kr 
lasers can activate dopants as much as a 1000°C 30min furnace anneal [72, 73] to give 
essentially 100%  activation. In addition to full activation, it was seen that C W  laser 
annealing can achieve a smaller amount of dopant diffusion than pulsed lasers [72, 73, 
81]. This is highlighted in Figure 20 where there is no redistribution of the boron after a 
laser anneal [72, 73].
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Figure 20: Boron SIMS profiles showing the as-implanted profile and after scanning laser or 
thermal annealing, in this case the laser anneal shows no boron diffusion [71].
At the same time however, a group at Oak ridge national laboratory headed by R. 
Young observed greater boron redistribution after pulsed ruby laser annealing than with 
a conventional thermal anneal (
Figure 21) [81]. This disagreed with the findings of Gibbons’ group. Young’s group’s 
research into laser annealing of n and p-type dopants in silicon used a high powered Q- 
switched ruby laser [81-84]. They found that using laser annealing, very high dopant 
activation could be obtained above the equilibrium solid solubility levels. Also, the re­
growth resulted in near-perfect single crystal, as measured by ion channelling, shown in 
Figure 21.
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Figure 21: (left) RBS and channelling spectra of implanted silicon and after a thermal anneal or 
laser anneal, (right) As-implanted, thermal annealed and laser annealed boron SIMS profiles taken 
from Young et al [80].
The difference between the diffusion and electrical activation observed by Gibbons’ and 
Young’s groups can be explained by the two different phases of laser annealing. In the 
case of Young’s group, the laser power used with their pulsed ruby laser melted the 
surface of the silicon, this results in near perfect re-crystallisation, near 100% activation 
and a flat non-Gaussian well diffused boron profile. In complete contrast though, 
Gibbons’ group used a scanning Ar laser running at a lower energy density that 
activated the boron in the solid phase, resulting in virtually no diffusion.
2.7.3 A d v a n t a g e s  of Laser A n n e aling
LTP can activate the dopant above its solid solubility limit in silicon [82], the profile 
can be box shaped [27, 58, 69, 85, 86]. The dopant redistributes itself evenly 
throughout the molten region because the dopant diffusivity in molten silicon is greater 
than in solid crystalline silicon by ~8 orders of magnitude [27], this is highlighted in 
Figure 22 [82]. The molten region re-grows under liquid phase epitaxy resulting in a
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highly activated abrupt junction largely devoid of defects in the re-grown region [83, 
87].
/a \ D e p t h  [ n m ]
Figure 22: Boron SUMS profiles after pulsed melt-inducing laser annealing (82].
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Amorphous silicon has a melting point which is around 200±50°C lower than that of 
crystalline silicon [88]. This property is exploited to provide a natural barrier for the 
melting induced by laser annealing. A n  energy density sufficient to melt only the 
amorphous silicon is used which effectively allows the depth of the junction to be 
engineered by the pre-amorphising implant [58, 85]. For a given amorphous layer 
depth, a process window of energy densities can be used which fully melts the 
amorphous silicon layer without melting of the crystalline silicon beneath [58, 89].
2.7.4 P r o b l e m s  with Laser Annealing
Deactivation of dopants after laser annealing
One of the problems with laser annealing (as with the other types of annealing) is 
deactivation of the dopants during post-activation rapid thermal processing [68, 69, 75,
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76, 89, 90]. Further thermal processing is required for back end processes such as the 
formation of the source/drain silicide contacts, metallisation etc. The temperatures 
needed for silicide formation range from ~300°C for NiSix to ~900°C-1000°C for CoSi2 
and WSi2 [12]. The supersaturated dopant concentrations achieved through laser 
annealing are in a metastable state [68, 69, 75, 76], therefore during subsequent thermal 
processing, these atoms begin to deactivate through precipitation due to the fact that the 
equilibrium solid solubility levels have been exceeded. Dopant clustering with excess 
silicon interstitials to form boron interstitial clusters is also a major route for boron 
deactivation (as explained in section 2.5).
A  good example of deactivation after laser annealing can be found in studies carried out 
by Takamura et al [68, 69, 75]. They showed that boron that is activated by a laser 
anneal remains so during post-activation anneals up to temperatures of 700-800°C, after 
which substantial deactivation occurs. Figure 23 shows some data from their work, the 
active boron dose is measured after laser and then furnace annealing at different 
temperatures. The active dose drops considerably at around 800°C. They also showed 
that this deactivation of the boron coincided with diffusion of the profile tail into the 
bulk.
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Figure 23: Active dose measurements of boron implants after melting laser annealing and then 
furnace annealing at different temperatures [84].
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Luo et al [90] studied deactivation of high dose boron implants that have been activated 
using a XeCl excimer laser which melted the silicon surface to ~200n m  and produced a 
box-like boron profile. Boron was implanted at 30keV at doses between 1.5xl014 and 
1.5xl016 atoms cm"2, this corresponds to concentrations above and below the solid 
solubility of boron at 850°C (3.8x1019 cm'3). The active concentrations of the boron 
implants after laser annealing were as much as 7.5xl020 cm"3. Post-activation annealing 
of the samples revealed that the implants were stable up to 800°C for 210 seconds.
Murto et al [89] activated boron implants using a melting laser and subsequent rapid 
thermal anneals at temperatures of 700-1000°C for 30 seconds. It was found that there 
was an increase in sheet resistance after R T A  over the temperature range of 700-900°C. 
After annealing at 1000°C however, the sheet resistance dropped to a value below that 
of the initial activation by laser anneal. This is another example of 
activation/deactivation/reactivation.
A  common feature with these studies is that boron can be activated to a high level using 
a melting laser anneal and this activation can be maintained after moderate post-laser 
anneals up to temperatures of 700-800°C. Annealing above 800°C for any amount of 
time results in deactivation of the boron, Murto et al [89] showed that re-activation can 
occur after a 1000°C post-laser anneal but with this thermal budget, a significant 
amount of diffusion occurs. SIMS profiles for laser activated and post-laser annealed 
boron implants show that diffusion starts to occur at post-laser anneal temperatures of 
800°C and above. The deactivation observed in the samples annealed up to 800°C is 
consistent with the formation of boron-interstitial clusters. The dissolution of these 
clusters at temperatures greater than 800°C results in both boron and silicon atoms 
being released which in turn gives rise to reactivation and enhanced boron diffusion.
Some recent work has been carried out by Liu et al [91] and Clark et al [92], to reduce 
boron deactivation during post-laser rapid thermal annealing. They investigated the co­
implantation of ion species that are heavier than boron (Sn [91] and In [92]). Both 
parties found that when using a heavy ion co-implant, boron deactivation during post­
laser rapid thermal annealing was reduced by 28%  for Sn case and by 37%  for the In
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case. This was attributed to the heavy ions reducing the strain introduced by 
incorporating boron into the lattice during annealing. The compensation of this strain 
corresponded to a reduction in boron deactivation.
Enhanced diffusion in laser annealed samples
Enhanced diffusion of boron in samples that have been laser annealed has also been 
observed [93, 94]. Diffusion of a buried boron marker layer in pre-amorphised samples 
after 15 minute or 6 hour furnace anneal at 750°C was measured by SIMS [93]. One 
sample received a one pulse laser anneal, the other did not. The diffusion in the marker 
layers was the same in both samples, leading to Jones et al [93] to conclude that the 
number of interstitials being released from end of range defects was the same for both 
samples. It was reported that the laser power used was sufficient to melt the amorphous 
region, but was not thought to melt the E O R  defect region and so E O R  defects were 
believed to be present. However T E M  studies revealed that the E O R  defects in the laser 
annealed samples differed from those in the non-laser annealed samples. In the laser 
annealed sample there were no (113) defects, but stacking faults and micro twins. It is 
these defects that contain the super saturation of interstitials which are released during 
the furnace anneal allowing T E D  to occur.
Further investigation by Jones et al [94] showed that enhanced diffusion of boron can be 
present even when the laser power used was enough to melt through and anneal out the 
E O R  defects. This enhanced diffusion was attributed to silicon interstitials that had 
been “quenched in” during the laser thermal process and released during post activation 
rapid thermal annealing.
Chong et al [87] also showed that over-melting past the amorphous/crystalline interface 
was not sufficient to overcome T E D  on deep amorphous layers where the over melting 
took in the E O R  region. They experimented using shallower amorphous layers, with 
the same laser energy density so the over melting was way beyond the E O R  region and 
found that here T E D  was suppressed (Figure 24). The over melting in the shallow PAI 
case was enough to re-grow a virtually defect-free layer which was largely devoid of 
quenched in interstitials so that further annealing (825°C for 30s) did not produce any 
enhanced diffusion.
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Figure 24: Boron SIMS profiles after melt-laser and post-laser annealing, (left) shows TED where 
E O R  was not annealed out by laser annealing, (right) shows no TED when over-melting occurred 
and E O R  was annealed out [103].
These studies highlight the fact that laser annealing is generally a low thermal budget 
process that does not evolve/dissolve defects effectively, leading to T E D  and BIC 
formation in subsequent post-laser annealing thermal processing. Over melting of an 
amorphous layer however can be utilised to anneal out all defects.
Process integration
Currently, source/drain regions are implanted, and a rapid thermal process is used to 
activate the introduced dopant ions and repair implantation damage. The replacement 
of this rapid thermal process with laser annealing could add further steps to chip 
manufacture. A  difference in optical absorption properties between polysilicon, 
amorphous silicon and crystalline silicon may result in the requirement of some sort of 
mask to isolate the source/drain regions. To implement this would require additional 
steps of deposition, photolithography and etching.
Another obstacle to overcome is engineering the laser spot profile so that it is uniform. 
If the spot is not uniform, the energy deposited across the scan line or pulse will vary 
which would result in non-uniformity of the performance of the devices. In addition, 
the thermal stresses created at the edge of the laser spot due to the thermal gradient
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between the irradiated and non-irradiated areas can introduce defects into the re­
growing silicon.
The biggest challenge to the integration of melt-inducing lasers is that one melts the 
silicon... This brings up many problems such as excessive surface deformation and 
damage, and non-uniform heating of device structures. This is the main reason why 
laser annealing where the surface region is melted is not a viable option to replace spike 
annealing in C M O S  manufacture. This is where non-melt laser annealing comes in; it 
has the same advantages as higher power laser annealing in that a high temperature can 
be achieved in a very short space of time resulting in higher dopant solubility and less 
diffusion.
2.7.5 N o n - m e l t  laser annealing
Non-melt laser annealing (NLA) of silicon can also be traced back to the 1970’s with 
experiments carried out by the group at Stanford University [71-74]. From SIMS 
analysis of boron distribution in silicon after C W  Ar laser annealing, it appeared that the 
re-crystallisation of the damaged implant region had occurred in the solid phase (Figure 
25) [72].
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Figure 25: As-implanted, non-melt laser and thermally annealed boron SIMS profiles [69].
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In the N L A  process, the silicon can be pre-amorphised before the dopant implantation. 
This amorphous region then re-grows under solid phase epitaxy, activating the dopants 
to higher levels than can be gained from implanting into crystalline silicon. Minimal 
diffusion of the dopants is observed, thus the annealed profile is very similar to the as- 
implanted profile [28, 73, 95-97]. Some N L A  studies have shown that only partial 
activation of the dopant is achieved [77, 85], for example S. Prussin [77] reported that 
N L A  of boron and phosphorous using a ruby laser operating at energy densities of 1.5-
2.5 J cm'2 achieved only partial activation, a subsequent 1000°C lOmin furnace anneal 
was used to gain 100%  activation. However conflicting results show full activation [73, 
97]. This activation percentage depends on the dose of the boron implant. If the boron 
dose is high enough, the concentrations can exceed the solubility limits so that not all of 
the boron will be activated.
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Figure 26: Boron depth profiles after RTA or laser annealing a IkeV lxlO15 cm'2 boron implant 
into crystalline silicon [109|.
The group at Florida has investigated laser annealing of boron implanted into crystalline 
silicon, the laser operated at 308n m  with an energy density range of 0.4-0.6 J cm'2. 
Secondary ion mass spectroscopy (SIMS) results of a 1 keV boron implant (Figure 26) 
show that little diffusion of the boron occurs after annealing with up to 10 laser shots 
[95, 96], but when this is combined with RTA, an increase of the junction depth is 
observed. The R T A  step was at 1040°C for 5 seconds, which is enough to provide the
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observed broadening of the profile. The sheet resistance values of N L A  and N L A + R T A  
samples are very similar. It was found that N L A  before R T A  reduces the defect density 
and can increase the mobility. N L A  on 5 keV boron implants showed that the sheet 
resistance fell with increasing laser energy density; this coincided with an increase in 
mobility [28]. A n  increase in junction depth with laser energy density was also 
observed with the 5 keV implants.
A n  investigation by S. Felch [97] using non-melt laser annealing in conjunction with 
rapid thermal annealing on boron implanted silicon showed that the added R T A  step 
reduced the sheet resistance. The N L A  step was used to activate the boron, then the 
R T A  step was used to anneal out the damage left behind by the implantation. This R T A  
treatment leads to an increase in mobility and hence decreases the sheet resistance due 
to the annealing out of the defects. These results indicate that the thermal budget of 
N L A  is not enough to cause significant defect evolution/dissolution.
S. Felch [98] has also used a continuous wave solid-state laser to anneal low energy 
boron implants in germanium pre-amorphised silicon. The dwell time of the 
temperature peak was in the order of 1 millisecond. It was found that by increasing the 
PAI energy from 2keV to lOkeV, the sheet resistance of the laser annealed samples 
decreased from -800 Q/sq to -550 Q/sq. The dose of the PAI also had an effect on the 
resulting sheet resistance; as the dose was decreased from 2el5 to 5el4 for the 5keV 
implant, the sheet resistance fell from -710 Q/sq to -640 Q/sq.
Akio Shima at Hitachi [99] replaced R T A  with N L A  when fabricating 50n m  gate length 
C M O S  devices. The results of this were larger drain current and better threshold 
voltage roll-offs for devices using N L A  when compared to those where R T A  was used 
to activate the source/drain regions. A  C W  laser was scanned across the wafer, ramp up 
and down times were in the range of p. and m  seconds.
Table 2 shows sheet resistance values for boron implants into silicon from a selection of 
N L A  studies.
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Paper Energy
(keV)
Dose
(cm'2)
Energy (J cm'2) Pulse
time Rs (ohms/sq)
Earles 2002 1
1015
0.55 15ns -1200(1 pulse) 
450 (10 pulses)
Earles 2002 5 101& 0.4-0.6 15ns -150 (+RTA)
Prussin 1980 50 1014 1.5 15ns 1712
Prussin 1980 50 1014 2 15ns 877
Prussin 1980 50 10i4 2.5 15ns 886
Prussin 1980 50 1014 1.5 15ns 714 (+RTA)
Prussin 1980 50 10i4 2 15ns 660 (+RTA)
Prussin 1980 50 1014 2.5 15ns 658 (+RTA)
Prussin 1980 50 1016 1.5 15ns 280
Prussin 1980 50 1015 2 15ns 127
Prussin 1980 50 1015 2.5 15ns 128
Felch 2005 0.5 1010 N/A 1ms 790-548
Felch 2005 0.5 2x10lb N/A 1ms 570-550
Felch 2000 1 9x1014 0.55 20ns 407(100 pulses)
Felch 2000 1
9x1014 0.55 20ns
360(100 pulses) 
(+RTA)
Ventarini 2004 3 2x101b 1.25-1.6 200ns 600-260
Ventarini 2004 3 2x101S 1.2-1.35 200ns 550-420
Kim 2005 10 1014 0.8 20ns 800-900
Kim 2005 10 1014 0.5 20ns 5x103
Ong 2004 1 5x1014 0.5 23ns -1490
Ong 2004 1 5x1014 0.5 23ns -950 (5 pulses)
Table 2: Sheet resistance comparison between NLA studies on boron implants. All results are from 
1 laser pulse unless otherwise stated.
The values of R s obtained from Prussin’s study [77] show that with increasing energy in 
the laser pulse, the sheet resistance decreases, although a slight increase is seen using 
the highest energy. This observed decrease in the sheet resistance may be an increase in 
mobility and activation due to annealing out of defects and to higher activation gained 
from annealing at higher temperatures. Results from Earles and Ong [28, 95, 96, 100, 
101] show that multiple laser shots also reduce the sheet resistance. All but the lowest 
energy densities give sheet resistance values that fall within the allowed threshold for 
the 65n m  and 45n m  nodes in the ITRS.
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2.8 Alternative Ways of Forming Ultra-shallow 
Junctions
2.8.1 Fluorine a n d  C a r b o n  Co-implantation
It is well known that fluorine when implanted with boron enhances the activation and 
suppresses the diffusion of the boron during activation thermal cycles than with boron 
implants alone [102-113]. The fluorine is mainly introduced with the boron as the 
molecular implant B F 2+, but can be co-implanted as two separate implants.
W h e n  the effective boron energy of a B F 2+ implant tends to less than IkeV the 
advantages of the fluorine presence are lost. Cowern et al [114] co-implanted boron at 
500eV and fluorine at 900eV- 22keV. W h e n  the fluorine distribution overlapped the 
boron profile (analogous to a B F 2+ implant) the high concentrations of fluorine caused 
deactivation of the boron by creating B-F complexes. This deactivation was not seen 
when the fluorine was implanted at higher energies, but a reduction in boron diffusion 
was observed.
Graoui et al [113] carried out an optimisation study or fluorine co-implant energy and 
dose on 500e V  boron implants into germanium pre-amorphised silicon. It was found 
that increasing the fluorine implantation energy over a range of IkeV to 20keV with a 
fixed dose of 2x1015 ions cm'2 , the sheet resistance dropped from -840 Q/sq to 400 
£2/sq. The fluorine energy also had an effect on the diffusion of the boron profile; the 
lowest energy (IkeV) had a corresponding junction depth of ~30nm, which increased to 
~35n m  with a 5keV energy and eventually plateaued out at ~32n m  for 10-20keV 
fluorine implant energies. The dose of 2x1015 ions cm'2 was also found to be the 
optimum dose for the 1 OlceV implant energy. Both these studies show that at ultra low 
boron energies (<lkeV) the use of a B F 2 implant cannot provide an optimum result.
In addition, the study by Pawlak et al [53] fluorine was implanted into a set of boron- 
implanted samples, pre-amorphised to different depths. The result of which was a 
higher sheet resistance than samples without fluorine, but an increased resistance to 
deactivation during post-SPER anneals as the PAI energy was increased.
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Carbon co-implantation has also gained attention due to the observed reduction in boron 
T E D  in pre-amorphised silicon during annealing [115-117]. Pawlak et al [116] 
demonstrated that an ultra-shallow and abrupt boron profile can be obtained by placing 
a carbon co-implant in the amorphous region in pre-amorphised silicon. After re­
growth, the substitutional carbon traps silicon interstitials from the E O R  defects, 
reducing TED. However, Craig et al [117] highlighted that carbon co-implantation 
resulted in higher defect densities than samples without carbon, which degraded the 
electrical characteristics.
Carbon and Fluorine co-implantation has its advantages of reducing boron diffusion 
during annealing, but the techniques typically trap the excess Si interstitials into defects 
that can cause excessive leakage. It is this that makes these techniques non-ideal for 
fabricating source/drain extensions.
2.8.2 Silicon Co-Implantation
There has been a lot of research into using high energy silicon co-implants to decrease 
the interstitial population in the boron implant region [118-122]. Nejim et al [122], 
developed the technique of using a high energy silicon implantation prior to boron 
implantation. This technique resulted in a reduction in boron transient enhanced 
diffusion during post-implantation annealing. The studies by Smith et al [118, 119] 
have shown that when a high energy silicon implant is used, where amorphisation of the 
silicon wafer does not happen, there is spatial separation of the silicon interstitials 
created by the implant damage and the vacancies left behind. A  low energy boron 
implant is then made into the vacancy-rich surface region, which becomes highly active 
with minimal diffusion upon annealing. The effects of silicon co-implantation can be 
maximised when a silicon-on-insulator wafer is used, and the interstitials from the 
implant damage can be trapped in the insulating layer, or beyond it in the silicon 
substrate [119]. Ong et al [121] have combined a Si vacancy engineering implant with 
sub-melt and melting laser annealing. Enhanced boron activation was observed after 
sub-melt laser annealing of the vacancy engineered samples over B  implants into 
crystalline silicon due to the supersaturation of vacancies in the near surface region. 
However, when a melting laser was used, there was no difference in boron electrical 
activation between vacancy engineered and crystalline silicon substrates.
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2.9 Solutions and Challenges
In order to create highly active ultra-shallow junctions, low energy ion implants and 
short time / high temperature anneals are required. Non-melt laser annealing provides a 
viable method for the latter. The challenge is to overcome the detrimental effects of the 
excess silicon interstitials (Transient Enhanced Diffusion and Boron Interstitial 
Clusters) that increase junction depth and decrease the active concentration of the 
dopant.
This dissertation investigates the use of a scanning non-melt laser to anneal boron 
implanted silicon wafers that have been pre-amorphised with germanium. The main 
focus will be the effect that the laser annealing has on the formation and dissolution of 
the End-of-Range defects, by measuring the deactivation and diffusion of the boron 
implants.
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C h a p t e r  3  : E x p e r i m e n t a l  T h e o r y  a n d  
T e c h n i q u e s
This chapter introduces and explains the experimental procedures that are carried out to 
obtain the results for this dissertation. The processing techniques undertaken are ion 
implantation, laser annealing and rapid thermal annealing. The ion implantation and 
laser annealing were carried at Applied Materials, Santa Clara, USA. The measurement 
techniques used in this work are the Van der Pauw Sheet Resistance technique, Hall 
Effect to calculate active dose and hole mobility, Differential Hall profiling to find 
carrier concentration and mobility as a function of depth, and Rutherford Backscattering 
Spectroscopy (RBS) to measure the depth of the amorphous layers in the silicon. T w o  
analysis techniques were carried out in collaboration by other laboratories; Secondary 
Ion Mass Spectrometry (SIMS) was used to measure the boron atomic profile, this was 
carried out at FBK-irst in Trento, Italy. Transmission Electron Microscopy (TEM) was 
used to image the E O R  defects in the samples; this was carried out at C N R S  in 
Toulouse, France.
3.1 Ion Implantation
Ion implantation is the accepted technique of introducing dopant atoms into the silicon 
during device fabrication. This is due to the extreme accuracy of the technique in 
placing the ions inside the target, the isotopic purity of the delivered ions and the high 
throughput that can be achieved. The technique has been used in the semiconductor 
industry since the 1960s.
The implantation for this work was carried out using an Applied Materials Quantum 
Leap ultra low energy implanter by Applied Materials in Santa Clara, USA. Wafers 
were pre-amorphised using germanium and then boron was implanted into the 
amorphous layer.
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3.2 Laser Annealing
The laser used for this study is a solid-state diode laser developed by Applied Materials 
in Santa Clara, USA. It operates in continuous wave mode at a wavelength of 810 nm. 
A n  array of 7 diodes are focused through 13 lenses to homogenize beam into a 1 c m  x 
70p m  rectangular shape. The beam spot is scanned across the wafer at 150-155 mm/s, 
this equates to an anneal time of around 470-450ps (time taken for the laser spot to 
travel over any point on the wafer). The error in the peak temperature that the surface 
of the silicon reaches during the laser anneal is +/- 5°C.
In the first part of this study, the laser was used to anneal three strips across each wafer; 
the first strip received 1 laser scan, the second had 5 scans and the third had 10 laser 
scans. The annealing was carried out at room temperature and the peak temperature at 
the surface of the wafer was estimated to be ~1150°C. This was done by measuring the 
sheet resistance after laser annealing and measuring the values against a set of silicon 
samples that have been annealed at a range of temperatures.
The set of wafers for the second study received only 1 scan, but the peak temperature 
was adjusted. The wafer was held on a chuck at 400°C, and was then annealed with the 
laser to peak temperatures of 1100°C, 1200°C, 1300°C or 1375°C.
3.3 Rapid Thermal Annealing (RTA)
In order to investigate the state of the implants after activation by the non-melt laser 
annealing, post-laser rapid thermal annealing is carried out. Significant boron 
deactivation driven by Si interstitials released from E O R  defects occurs at post­
activation annealing temperatures ~800°C-850°C, so post-laser annealing over this 
temperature range can indirectly reveal the presence of E O R  defects.
A  Process Products Corporation (PPC) rapid thermal annealer was used to carry out the 
post-laser annealing. The machine has a 50°C/s maximum ramp up rate which is 
controlled by a Micristar 838 control module. The output from the control module is 
logged onto a computer to provide a temperature/time profile for each anneal. A  typical
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anneal profile can be seen in Figure 27, in this example the anneal cycle is a 1000°C 60 
second anneal. The initial ramp up to 350°C for thermal equilibrium can be seen, there 
is significant overshoot at this temperature due to the control variables being tuned to 
1000°C rather than 350°C.
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Figure 27: Typical temperature/time profile for a 1000°C 60s anneal.
The thermocouple used in the machine is a K-type, manufactured by Comark technical. 
The thermocouple is bonded to the underside of a 5” support wafer by ceramic cement, 
onto which the samples are placed. The temperature error in the thermocouple is in the 
region of ±7 degrees.
3.3.1 A n n e a l e r  Uniformity
Prior to the commencement of this research, the temperature uniformity of the rapid 
thermal annealer that is used in this study was measured by Smith [l 23] and Hamilton 
[124] A  specific area just to the right of the centre of the wafer was used as the 
position to place experimental samples as this area was thought to be the most uniform 
(see Figure 28). This area was chosen due to the temperature uniformity and knowledge 
of the gas flow patterns.
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In order to confirm this, two tests were carried out, the first was to place 9 identical 
samples across the support wafer, the second was to place 9 identical samples in the 
area found to be most uniform by these previous studies. All the samples used for both 
tests were of silicon pre-amorphised with germanium (5keV lxl0I? cm'2), then 
implanted with B F 2 (2.25keV, lxlOL> cm'2). The sheet resistance of the samples was 
measured after annealing at 1050°C for 30 seconds, as this is an indirect method of 
comparing the temperature across the wafer. Figure 29 shows an Rs vs Temperature 
curve for the samples used in this study. It can be seen that the Rs falls rapidly at 
annealing temperatures above 800°C.
Figure 28: Diagram of annealer support wafer highlighting the area where the samples were 
loaded.
The results for this first test can be seen in Figure 30. The sheet resistance measured at 
the edges and back of the support wafer are the lowest; this indicates that the 
temperature is higher in these places. The standard deviation of the sheet resistance 
values is in the order of 3%. By comparing the difference in sheet resistance between 
the various samples across the wafer, the most uniform place appears to be around the 
centre of the wafer. It is here that the change in sheet resistance is smallest.
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B F 2 2.2keV 1x1015cm"2, G e  5 k e V  1x1015cm'2
Anneal Temperature (°C)
Figure 29: Sheet Resistance vs Temperature for a BFZ implant into pre-amorphised silicon after 
isochronal 30s rapid thermal annealing.
For the second test, 9 identical samples were placed in the right-of-centre area where 
Smith [123] and Hamilton [124] found the most uniform area to be. The results 
presented in Figure 30 show that the change in sheet resistance from the centre to the 
right hand side is greater than the same area in the initial test, with the standard 
deviation being in the order of 4%.
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Figure 30: Van der Pauw sheet resistance results for the two uniformity tests.
These two experiments have indirectly investigated the temperature uniformity across 
the support wafer and have found that the sheet resistance values vary by 4%. The most 
uniform area of the support wafer is around the centre of the wafer, which is in contrast 
to the previous work by Smith [123] and Hamilton [124], who suggested that the most 
uniform area is offset to the right of centre. Taking into account the results from both 
sets of experiments, the position chosen to place the samples in this study is to the right 
of the centre of the wafer. However, to reduce the effect of temperature non-uniformity, 
only two samples will be placed in this position during each anneal run. In this way, the 
experimental samples can be kept within the most uniform areas of both the uniformity 
experiments.
3.3.2 A n n e a l e r  Repeatability
To investigate the temperature repeatability of the annealer, 6 anneals were carried out 
at a temperature of 600°C for 60 seconds. Identical pre-amorphised silicon samples, 
implanted with boron were placed in the same place on the support wafer for each 
anneal (right of the thermocouple). The Rs values of the samples can be used as an 
indirect measurement of the difference in temperature between successive anneal runs, 
and are presented in Table 3. The results show that the temperature repeatability of the 
annealer is very good. The standard deviation of the Rs values is in the order of 2%.
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Anneal run number Rs
1 2510
2 2522
3 2452
4 2468
5 2460
6 2436
Table 3: Sheet resistance results from annealer repeatability test.
3.3.3 A b s olute T e m p e r a t u r e
The absolute temperature of the annealer is difficult to measure; however, Hamilton 
[124] has attempted to estimate this. The temperature was estimated by measuring the 
amount of re-growth of an amorphous layer (using Rutherford Backscattering 
Spectroscopy) in pre-amorphised silicon during a pre-determined anneal regime, and 
comparing this value to the amount of re-growth predicted by simulation. Hamilton 
found that the amount of amorphous silicon after a 570°C 54s anneal was greater than 
that predicted by the simulations, and this corresponded to the annealer being ~7°C 
lower than expected. This gives an estimated error of the order of ~1%.
3.4 Sheet Resistance
Sheet resistance (Rs) measured in ohms/sq is the standard property used for representing 
the resistance of a uniform thin film. The industry standard way of measuring Rs is to 
use a four-point probe due to its simplicity and speed, and in this work, the Van der 
Pauw (VDP) method of calculating sheet resistance is also used [125]. Initially the 
theory of the 4-point-probe will be considered.
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1 2  3 4
Figure 31: Four-point-probe schematic showing applied current, measured voltage and probe 
spacing.
The four point probe uses four equally spaced, in-line probes that come into contact 
with the surface of the sample to be measured. The outer two probes (1 and 4) supply a 
current and the inner two (2 and 3) measures the voltage drop across themselves. The 
sheet resistance of the conducting layer on a sample is:-
Rs = (V/I)*CFX * C F 2 Eqn 4:
Where V is the voltage drop across probes 2 and 3 and I is the current supplied through 
probes 1 and 4. The value of CF\ depends on the sample diameter, shape and the probe 
spacing (s). In this study, 10x1 O m m  square samples are used, with a probe spacing of 
1m m ,  this corresponds to a correction factor of 4.532. A  value of unity can be used for 
CF2 if the conducting layer divided by the probe spacing is <0.3 (which is valid in this 
case). To make the measurements in this study, a Jandel four-point-probe with a probe 
spacing of 1m m  was used. Several voltage measurements were made over a range of 
applied currents on different areas of the samples. The calculated sheet resistances were 
collated to find an average for each sample.
In 1958, Van der Pauw found out a way of calculating sheet resistance on a sample of 
arbitrary shape, for his equations to be valid, the sample has to satisfy a number of 
conditions;
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• Uniform thickness
• Flat, Homogeneous and Isotropic
• Singly connected (no holes)
• Point contacts at the edge of the sample
This last requirement is the most difficult, but Van der Pauw showed that a clover leaf 
pattern can be used which minimises the error in the placing of the contact. Figure 32 
shows pattern which is used throughout this study and the contact positions of the volt 
meter and current source (housed inside the Hall machine) used for sheet resistance 
calculation. This way of measuring sheet resistance reduces errors associated with the 
placing of the contacts on the silicon surface as well as errors in the measurement due to 
probe tips punching through the thin implanted layer (as happens when using a four- 
point-probe.
Figure 32: Van der Pauw method of calculating sheet resistance, applying a current to two leaves 
and measuring the voltage drop across the other two.
To take the measurements, a current is applied through contacts 1 and 2 (Ii2), and a 
voltage measured across contacts 3 and 4 (V43). Then the current is applied at 2 and 3 
(I23), and the voltage measured across 1 and 4 (V41). The sheet resistance ps (measured 
in ohms/square) can be calculated as shown in equation 1.
71
Ps = 2. ln(2)
V V_ 4 3 _  _)_ _ 2 3 _ ■F(Q) Eqn. 5
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Where F  is the correction factor for geometrical asymmetry, which is a function of Q 
the symmetry factor. Q  is defined as:
q  _  F 4 3  T \ 4  E q n >  6
A  2 *^ 23
or its reciprocal, whichever is greater. If the symmetry is (£K10), then F  can be 
calculated by:
F  = 1 - 0.34657,4 - 0.09236+2
Where:
2
Eqn. 7
A = g - 1  
Q+1 Eqn. 8
In practice, the tool measures four voltages, V43, V41, V 2i and V23. This gives four 
values for sheet resistance, which are averaged to get a final value.
3.5 The Hall Effect
This technique is used to measure the active dose and the mobility of the implant after 
annealing. It is named after Edwin Hall who discovered the effect in 1879. W hen a 
current is applied along a conductor when subjected to a magnetic field, moving 
electrons are deflected across the conductor by the Lorentz force. This force on the 
electron is given by:
F  = e(y x B) Eqn. 9
Where e is the charge on an electron, v is the velocity vector and B  is the magnetic field 
vector. The electrons move to one side of the conductor and accumulate there, leaving a 
net positive charge at the other end, this results in an electric field developing across the 
conductor. This electric field builds up until the motion of the electrons is stopped 
when:
VH = vB Eqn. 10
Where v is the drift velocity of the electrons and B is the magnitude of the magnetic 
field. This electric field is measured and is known as the “Hall voltage” Vr. Figure 33 
illustrates the Hall effect. The measurement is performed alongside the sheet resistance 
measurement and hence the clover leaf pattern is used.
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M e a s u r e d  H a l l  voll 
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A p p l i e d  m a g n e t i c
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Figure 33: Diagram showing the Hall voltage induced across a conductor
3.5.1 Active d o s e
The active dose is the measurement of aerial density of carriers (electrons or holes). 
The Hall voltage is measured by applying a current to opposite corner contacts on the 
sample, and measuring the voltage developed across the remaining contacts. This is 
done while the sample is in a magnetic field. Figure 34 illustrates this; the magnetic 
field shown is coming out of the page.
Figure 34: Contact positions for Hall voltage measurement.
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The magnitude of the hall voltage is given by: -
IB
VN =-~(V)  Eqn.ll 
qNt
Where I is the applied current, B is the applied magnetic field, t is the sample thickness, 
q is the carrier charge and N  is the bulk charge carrier density. By re-arranging, the 
sheet Hall coefficient (Rhs) is can be calculated: -
V
R»< = B (n,2/C) E<in-12IB
And from it, the Sheet carrier density (active dose) is given by: -
Na = — (cm'2) Eqn. 13
3.5.2 Mobility
Mobility is the property for the ease of carrier motion. In perfect single-crystal silicon 
with stationary lattice atoms, carrier motion would not be impeded and mobility would 
be infinite. It is interruptions that occur in real non-perfect silicon crystal lattices that 
have a negative effect on mobility [10]. These can come from point defects such as 
interstitials and vacancies (both intrinsic and impurity), and also from larger clusters 
[126] such as oxide precipitates [127]. A n  important cluster defect that is relevant to 
this study is the boron-interstitial-cluster [45], however its effects on carrier mobility 
have yet to gain much attention in the literature. Damage to the crystal lattice also has a 
negative effect on mobility. The most dominant mechanisms that reduce mobility are 
carriers scattering off lattice vibrations (phonons) and ionised impurities. The effects of 
ionised impurity and lattice scattering on mobility vary with temperature by T 3/2 and T' 
3/2 respectively (illustrated in Figure 35), and in highly doped silicon at room 
temperature, ionised impurity scattering is the dominant mechanism [10, 12]. High 
carrier mobility is desired because this results in faster devices. Hall mobility is 
calculated from the sheet Hall coefficient and sheet resistivity using the following 
equation:-
jilH = — —  (cm2/Vs) Eqn. 14
Ps
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Figure 35: Plot of the natural log of mobility against 
the natural log of temperature.
jao
£
e
3.5.3 Scattering Factor
The Hall effect technique measures what is know as the Hall mobility and Hall carrier 
density. These values differ from conductivity mobility and real carrier density due to 
the different scattering mechanisms that occur when magnetic fields are applied to 
semiconductors, and can be corrected for by using what is known as a “scattering 
factor”. The equation below shows how the scattering factor (r) can be used to find out 
the “real” mobility and active dose values:
N..measured
Pcorre A measured Eqn. 15
There has been considerable debate in the literature about the use of scattering factors 
and the value which it should take [128-133]. The factor is dependant on temperature, 
the strength of the magnet used for the measurements and on the carrier concentration in 
the sample. Studies have calculated that the scattering factor for p-type silicon is in the 
region of 0.7 to 0.8, but these values are still debated. Mitchel [131] states that the 
scattering factor is unity for degenerately doped semiconductors and when a very high 
magnetic field is used. The impurity level has to be in the order of 1019 atoms cm'3 for 
semiconductors to become degenerate [134], but Sasaki et al [130] showed that the 
scattering factor tends to 0.8-0.7 at doping concentrations above 1019 cm"3. For 
simplicity, a scattering factor of unity will be used in this study unless stated.
3.5.4 S a m p l e  Preparation P r o c e d u r e
The steps taken to prepare the samples for sheet resistance and Hall effect measurement 
are outlined in the following paragraphs. The first step is to carry out a three stage clean 
of the samples. This involves soaking the samples in warm acetone, warm methanol
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and then R T  isopropyl alcohol (each for ~5 mins). The samples are then rinsed in DI 
water then dried using N 2. This is required to keep the samples clean so the photoresist 
can adhere properly to the surface during the next few processes.
Photolithography
Shipley SI828 positive photoresist is spin-coated onto the samples at 5000 rpm for 60 
seconds to produce a photoresist layer 2.8 microns thick. This photoresist is optimised 
for g-line U V  (436nm) but can be exposed over the range of 350-450n m  [135]. The 
samples are exposed through a Van der Pauw patterned mask using a Quintel 
Corporation Ultra p Line 7000 Series mask aligner with a broadband U V  output. 
Microposit M F 319 developing solution is used to develop the pattern. Finally, the 
samples are hard baked at 100°C for 30mins to outgas any volatiles that may remain in 
the photoresist.
Isolation Etch
The samples were mesa etched to isolate the V D P  pattern. The photoresist etches at a 
much slower rate than the silicon, so the implant underneath the resist is untouched by 
the etch solution and is therefore isolated from the rest of the surface. The etch that was 
used was an HF-based etch. The solution contains (40%) Hydrogen Fluoride (HF), 
Nitric acid (HNO3) and De-ionized Water (DI H 20). The ratios of these are: - 4 : 21 :
12.5 respectively. The nitric acid oxidizes the silicon, while the hydrogen fluoride 
etches away the resultant oxide [136]. The reaction between the silicon and nitric acid 
is known as an oxidising/reduction (redox) reaction. A  40 second etch at room 
temperature yields depths between 1p m  and 1.1p m  (measured by Talystep). This is 
sufficient to electrically isolate the implant and depletion regions. A  test sample is 
etched to destruction (photoresist is etched away) before the experimental samples so 
the maximum etch time can be found out.
Isolation Etch Measurement
A  Taylor Hobson markV Talystep was used to measure the depth of the V D P  isolation 
etch and the Hall profile final depth. The tool uses a sapphire tipped stylus that is traced 
across the surface of the sample. Any deviation from the zeroed start point is measured 
and recorded as a height/depth. To measure the depth of the V D P  isolation etch, a 
measurement is made from leaf to leaf across the etched channel between them. For the
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depth of the region etched away during Hall Profiling, the step is measured on each leaf 
towards the centre. A n  average depth is calculated from multiple measurements taken 
on each leaf which ensures that errors are reduced. The error on the measurement is in 
the order of ±5 nm.
Sheet Resistance and Hall Effect Measurements
The Hall effect measurements are carried out using an Accent H L 5500 Hall machine. 
The samples have a eutectic paste containing gallium and indium (75.5%  Ga and 24.5%  
In) as the contact material, this makes a very good ohmic contact with p-type silicon. 
The samples are placed in the machine and all measurements take place in darkness. 
The contact resistances across all the contact combinations are measured, the results of 
which can be used to indicate if any of the contacts to the sample are faulty. 
Current/Voltage graphs are then plotted which are used to indicate if the contacts are 
ohmic or not. The first set of measurements that are made calculate the resistivity of the 
sample, the symmetry is also calculated during this step. The magnet is then moved 
into place over the sample and the Hall effect measurements are taken.
3.6 Differential Hall Profiling
Differential Hall profiling is a technique where sheet resistivity (ps) and Hall voltage 
(Vh) are measured in conjunction with layer removal to calculate carrier concentration 
and Hall mobility as a function of depth [137-139]. The carrier concentration profiles 
can be compared with atomic profiles measured using SIMS to see how electrically 
active the boron profiles are after annealing.
3.6.1 O x i d e  G r o w t h  a n d  R e m o v a l
The technique works by first etching away the native oxide in buffered oxide etch 
solution (10:1 ammonium fluoride (NH4F) and 48%  HF) for 20 seconds, then growing a 
new native oxide on the surface by immersing the sample in re-circulated tap water for 
60 seconds.
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The native oxide that resides on the surface of the silicon is in the order of l.l-1.7nm, 
this has to be taken into account when calculating the final profile depth. This is 
illustrated in Figure 36, where the removal of the initial native oxide and the growth of a 
new oxide are shown. The thickness of the first removed layer (5x) which is used for 
the differential calculations is also shown in Figure 36 and it is noticeable that this 
thickness is not the thickness of the initial native oxide, but the thickness of silicon 
consumed during the growth of the second oxide.
The buffered oxide etch solution that is used has a silicon dioxide etch rate at room 
temperature o f -51-58 nm/min. This is sufficient to remove the initial and re-grown 
native oxides. Buffered oxide etches are highly selective and the etch rate of silicon is 
in the region of 0.1 nm/min, this means that a negligible amount of bare silicon is 
removed during each etch.
Silicon
rubber Oxide etched
T
N e w  native oxide 
grown
N e w  native oxide 
etched after Hall 
measurement
5 x
..A
Figure 36: Schematic representation of layer removal showing (a) the initial conditions, (b) removal 
of the native oxide, (c) subsequent growth of a new native oxide and (d) the new oxide etched away 
after second measurements indicating the thickness of the removed layer (5X).
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3.6.2 M e a s u r e m e n t  a n d  Calculation
Conventional sheet Hall and resistance measurements are taken before each layer 
removal, this is illustrated in Figure 37 where measurements are taken before and after 
removal of a layer of thickness 5x. The following equations show how the measured 
values for ps, Vh and 5x are used to calculate Hall mobility and carrier concentration as 
a function of depth through the surface region of the boron profile.
CTS2
CTsl
Figure 37: Schematic representation of depth profiling
The conductivity values before and after a layer removal are used:
S<T s — Csl — (Js2 Eqn. 16
Mobility is calculated by measuring the change in conductivity and R hs:
= ) Eqn. 17
8°,
The value for mobility is used with the change in conductivity and layer thickness to 
find carrier concentration:
1 Sc
N a =  -ft Eqn. 18
qju ax
The mobility and carrier concentration values that are calculated represent the average 
in the centre of the removed layer.
The value for Sx is calculated by measuring the final crater depth with a Talystep and 
dividing this depth by the number of measurements taken. The resultant Sx or depth per
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layer values for the test and experimental boron implanted samples are summarised in 
Table 4 and represented in Figure 38 (Top).
The overall average depth of each layer removed is 0.37nm/layer, this equates to —one 
monolayer at a time. The thermal processes that have been carried out on these samples 
range from rapid thermal annealing to laser annealing and laser annealing + RTA. From 
the table it can be seen that the final depths of the profiles vary from 5.9-47nm, but the 
standard deviation of the average depth per layer is only ±0.1 nm. The error in the 
Talystep measurements is ±5nm, which is considerable when compared to the small 
crater depths that are being measured. However, Smith [123] carried out experiments to 
verify the error in the Talystep by measuring etch craters with the Talystep and by 
atomic force microscopy (AFM). It was found that the Talystep and A F M  were in
agreement to within 3nm.
Sample Depth (nm)
Number of 
Layers
Average Depth 
Removed per Layer
PT 1 10.8 32 0.34
PT 2 15.8 49 0.32
PT 3 13.7 42 0.33
PT 4 16.2 52 0.31
DH 3 47 133 0.35
DH 6 11.4 33 0.35
DH 7 23 70 0.33
S3 1s DSA 10.6 34 0.31
S3 1s 700 6.1 25 0.24
S3 1s 800 15.1 54 0.28
S3 5s 300 9.5 29 0.33
S3 5s 700 B 5.9 40 0.15
S3 5s 800 8.6 26 0.33
S3 5s 16 72 0.22
S3 10s DSA 8.6 25 0.34
S3 10s 300 9.1 24 0.38
S3 10s 700 6.9 20 0.35
S3 10s 800 8.7 26 0.33
S3 10s 900 21.3 67 0.32
S17 1s DSA 6.1 14 0.44
S17 1s 700 6.4 18 0.36
S17 5s DSA 6.1 13 0.47
S17 5s 700 6.5 17 0.38
S17 5s 800 7.3 17 0.43
S17 10s DSA 5.2 12 0.43
S17 10s 700 6.6 15 0.44
S2 1s 700 6.8 14 0.49
S2 1s 800 7.7 17 0.45
S2 5s DSA 7.3 20 0.37
S2 5s 700 7 12 0.58
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S2 5s 800 10 23 0.43
S2 10s DSA 7.4 18 0.41
S2 10s 700 6.8 21 0.32
S2 10s 800 7.3 30 0.24
S13 1s DSA 9.9 23 0.43
S13 1s 700 7.1 15 0.47
S13 1s 800 8 28 0.29
S13 5s 700 11.8 28 0.42
S13 5s 800 10.8 20 0.54
S13 10s DSA 9 59 0.15
S13 10s 700 10 25 0.40
S13 10s 800 12.6 39 0.32
5R 11.9 24 0.50
5R 700 9.6 17 0.56
5R 800 10.1 33 0.31
5R 850 15.7 42 0.37
5R 900 20 67 0.30
5 11 7 26 0.27
5 11 700 6.8 16 0.43
5 11 800 10.3 27 0.38
511 850 12.5 40 0.31
511 900 18.3 55 0.33
5 12 6 14 0.43
5 12 700 6 13 0.46
5 12 800 7 21 0.33
5 12 850 14 44 0.32
5 13 7.3 15 0.49
5 13 700 6.7 14 0.48
5 13 800 7.9 19 0.42
5 13 850 15.2 48 0.32
5 14 7.5 14 0.54
5 14 700 6.7 20 0.34
5 14 800 7.8 21 0.37
5 14 850 14.3 42 0.34
Average = 0.37
Table 4: Average depth per layer removed for test and study samples.
The Hall profiling process is repeatable; Figure 38 (Bottom) shows the carrier 
concentration values against depth for four identical samples. These silicon samples 
have been pre-amorphised with germanium at 5keV to a dose of lxl 015 cm'2 and then 
implanted with boron at 500eV also to a dose of lxl015 cm"2. The samples were then 
rapid thermally annealed at 900°C for 60s. The four profiles all overlap each other; 
highlighting the repeatability of the process. The similarity of these 4 profiles also 
implies that the error in measuring the etch depth is smaller than 3n m  as suggested in 
the previous paragraph.
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Figure 38: (Top) Graph showing the correlation between the number of layers removed and the 
measured depth of the etch crater. (Bottom) Hall profdes of 500eV, lxlO15 cm'2 boron implants 
into silicon, annealed at 900°C for 60s.
T w o  other problems are encountered with the differential Hall technique, these are the 
effects of surface depletion and inherent noise in the system [140]. The surface of a 
semiconductor has a small depletion region due to the Fermi level being pinned within 
the forbidden gap, resulting in carrier depletion. These depleted carriers become 
trapped in immobile surface states and therefore do not contribute to the conductivity or 
Hall voltage. The width of this surface depletion region increases with decreasing 
carrier concentration, the result is a distorted carrier profile that becomes even more so
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throughout the profile. This is shown in Figure 39 taken from Yeo et al [140]. A  
program written at the University of Surrey is used to correct for the surface depletion 
on the profiles presented in this dissertation.
For the measurement to be large enough against the noise in the system, the difference 
in conductivity between successive layers is recommended to be 4%  [141].
0,1OEFTH Ifm)
Figure 39: Apparent and real carrier profiles highlighting the effect of surface depletion [108].
3.6.3 Differential Hall M e a s u r e m e n t  P r o c e d u r e
The machine used is an Accent H L 5900P C  Hall profiling tool. Figure 40 shows the 
inside of the machine with the carousel holding the sample. The positions of the 
etching, washing and drying pots are shown. The lamp and anodize pot are not used in 
this experiment. The etch pot contains the buffered HF, the wash pot contains the water 
for oxidising, and the dry pot has IPA for cleaning before drying with compressed air.
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Figure 40: Inside of the Hall profile machine showing carousel and etch, wash and drying pots 
(taken from Hall profiler manual), compressed air is delivered to the sample next to the drying pot.
The samples are mounted on the holder as shown in Figure 41, they are stuck down with 
black wax, the contacts are connected to the holder with silver dag paste and the whole 
sample and holder are covered with silicone rubber to insulate it from the H F  solution. 
A  window is left in the centre of the V D P  cloverleaf; this is where the layer removal 
takes place.
Figure 41: Sample mounted onto holder and insulated with silicone rubber (taken from Hall 
profiler manual).
The process flow is as follows: - The resistivity and Hall coefficient of sample is
measured, then the native surface oxide is removed in the H F  solution, a new oxide is 
grown in the water pot and finally the sample is dipped in IPA and dried with 
compressed air. This process is repeated until there are not enough carriers left in the p+ 
region for any measurements to be taken. This occurs when the current in the sample 
goes below 0.1 pA, or if too many layers are removed, when the machine starts to 
measure the n-type substrate. When the profile is finished, the sample is submerged in 
Digesil to soften and dissolve the silicone rubber. The samples are then three-stage 
cleaned before the depth of the layer removal is measured using the Talystep.
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3.7 Reverse Bias Junction Leakage
Defects that reside in the depletion region of a pn junction add energy levels within the 
band gap of the semiconductor. These energy levels facilitate charge conduction 
through the pn junction by carrier recombination/generation during forward and reverse 
bias respectively. This charge conduction is called the leakage current and is dependant 
on the number of generation/recombination centres within the depletion region. For 
example; in the case of pre-amorphised silicon there will be a larger number of defects 
in the depletion region in a sample which has a shallow boron profile, than a sample that 
has a deeper boron profile (see Figure 42). This will result in a larger leakage current in 
the former sample. The International Technology Roadmap for Semiconductors (ITRS) 
requires leakage currents to be as low as possible as to reduce power consumption. 
Junction leakage can be measured by analysing the reverse bias current in diodes made 
from the ion implanted and annealed samples.
D o p i n g  c o n c e n t r a t i o n  
E d g e  o f  d e p l e t i o n  r e g i o n  
D e f e c t  b a n d
Figure 42: Effect of doping profile on edge of depletion region with respect to the surface and a 
band of end-of-range defects.
The first step in the diode fabrication was to sputter ~100n m  of aluminium onto the top 
surface of the samples, using a JLS designs M P S  500 sputter system. Simple square 
diodes (widths of 1, 2, 3 and 4m m )  were then fabricated on the silicon samples by 
masking, photolithography and mesa etching (same procedures as for making the V D P
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patterns). The etching process etched both the silicon and the sputtered surface layer of 
aluminium.
The draw back of using this technique is that the pn junction is exposed to the surface, 
which leads to edge effects [142]. Electro negative oxygen atoms can adhere to the p- 
type surface, causing accumulation which makes the depletion region smaller at the 
edge than in the middle of the diode. Surface generation and increased field strength 
also lead to greater currents at the edge than in the bulk. These edge effects have a great 
influence on reverse bias characteristics.
A  Hewlett Packard 4H O B  p A  Meter/DC Voltage Source, connected to a Model 646 
Omni-probe was used to make Current/Voltage measurements across the diodes. The 
diode characteristics of each sample were analysed by applying a voltage from -6V to 
+6V, then a voltage of -2V  was applied to measure the reverse bias leakage current. 
The reverse bias leakage current was plotted against diode area (as junction leakage is 
proportional to area) for each sample. In this way, the leakage currents from the 
different samples can be compared.
3.8 Rutherford Backscattering Spectroscopy
In this project, Rutherford Backscattering Spectroscopy is used as the method of 
measuring the surface amorphous layer thickness created by the PAI step. The 
technique uses light ions (in the case of this work, helium) which are accelerated at 
normal incidence towards a target sample of heavier atoms, held in a vacuum. The ions 
lose their energy through collisions with the target atoms and some are backscattered 
out of the sample where detectors measure their energy. This is shown in Figure 43 
where an incident helium ion enters the silicon crystal and backscatters off an atom just 
below the surface.
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Figure 43: Representation of Rutherford Backscattering Spectroscopy showing the path of an 
incident helium ion as it enters the silicon and backscatters out into the detector.
A  plot of backscattered ion energy (which is analogous to depth and mass) against 
number of counts is made. Data can be collected in two orientations called random and 
channelled. Random orientation is where the incident ion beam is perpendicular to the 
surface of the target but the target is rotated such that the ions are not aligned to any 
crystalline channel. In this orientation, the incident ions can backscatter off any atom in 
the surface region, giving a spectrum that is representative of the composition of the 
surface region. In the channelled orientation, the incident ions are aligned with a major 
crystalline channel so that the probability of collision with the target atoms is very small 
so the number of backscattered ions collected will also be very small. The random 
orientation is found by moving the sample 7° off the channelling direction. The 
incident ions will however backscatter off of the first few monolayers at the surface in 
the same way as in the random orientation giving rise to a “surface peak” this is caused 
by surface reconstruction and the thin surface native oxide that is amorphous. If there is 
any substantial damage in the surface region, such as a surface amorphous layer, this 
will be easily picked up in the channelled spectra. An example of this can be seen in 
Figure 44 where the red plot represents the data collected in a random orientation, and 
the blue in a channelled orientation. The large peak at the right hand end of the 
channelled plot shows that there is a damaged region at the surface.
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10000
Figure 44: Random (red) and channelled (blue) silicon RBS spectra.
The spectra are analysed with a piece of software called the “DataFurnace”, that de­
convolves the depth and mass of the target atom from the backscattered energy of the 
helium ion which allows the surface amorphous layer thickness can be found. The 
program uses a simulated annealing algorithm [l 43], which applies a fit of the elemental 
profiles to the data (see Figure 45), where the fit is good, the profile is valid. When a 
correct fit has been found, the resultant graph of the atomic layers can be plotted (Figure 
46). The limitation of the accuracy of the analysis is due to counting statistics, finite 
energy and depth resolution.
Figure 45: Channelled RBS data (red plot) and the fit (green trace) given to it by the DataFurnace.
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Figure 46: Graph of atomic layers, the blue trace shows the depth of the surface amorphous layer.
In this work, a 1.5 M e V  H + beam was aligned at normal incidence (perpendicular to the 
(100) plane) and at glancing exit incidence (perpendicular to the (110) plane). Glancing 
exit incidence enhances the depth resolution of the analysis, an example of this can be 
seen in Figure 47. The detectors used were manufactured by Cornell and I B M  and are 
aligned at scattering angles of 166° and 147.7° with solid angles of 3.5 and 1.25 msr 
respectively. The detector resolution is in the order of ~5n m  per channel in normal 
incidence.
2321
O
Figure 47: RBS channelling spectra aligned in normal incidence (100) and glancing exit incidence 
(110), the latter enhances the depth resolution.
Normal Incidence
Glancing Exit Incidence
Channel
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3.9 Secondary Ion Mass Spectrometry
Secondary Ion Mass Spectrometry or SIMS is a technique widely used by industry and 
research to obtain the atomic concentration of a desired atom as a function of depth in 
another material (for example, boron atomic concentration in silicon).
The technique consists of bombarding the target sample with a low energy primary ion 
beam. The primary ions collide with the target atoms with enough energy to sputter 
them out of the sample, a small percentage of these target atoms become ionised 
(secondary ions) during the sputtering which are then measured by a mass spectrometer 
(see Figure 48 for an example). The resultant plot of the secondary ion counts as a 
function of time has to be converted into atomic concentration as a function of depth. 
The time/depth conversion is carried out by measuring the depth of the sputter crater; 
the total crater depth divided by the sputter time gives the average sputter rate. To 
convert the secondary ion counts to atomic concentration, a relative sensitivity factor 
(RSF) (boron in a silicon matrix is lxl022 atoms cm'3) is used.
P r i m a r y  I o n  B e a m
M a s s
s p e c t r o m e t e r  
S e c o n d a r y  I o n s
O O •  O O O
o o  °  o o o o
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Figure 48: A simple example of SIMS, the primary ion beam bombards the surface of the sample, 
creating some secondary ions that are sputtered out of the sample into a mass spectrometer.
SIMS is a very sensitive technique which is prone to errors. Changes to the sputtering 
rate can put errors into the depth distribution, also mixing of the surface and underlying
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layers puts an error on the ion concentration. With the nanometre dimensions dealt with 
in this work, this has to be taken into account when analysing SIMS data.
The SIMS for this work was carried out at the TTC-irst, Centro per la Ricerca 
Scientifica e Tecnologica in Trento, Italy. For the analysis of boron, a Cameca W f SC- 
ULTRA tool was used, running an 500 eV 0 2+ primary beam (68° angle of incidence 
with respect to the surface normal) with oxygen leak. The samples were loaded on a 
rotating stage in order to prevent the formation of ripples on the crater bottom. The 
error in the depth of the SIMS profiles is ±5% and the error in boron concentration is 
±10%.
3.10 T r a n s m i s s i o n  Electron M i c r o s c o p y
Transmission Electron Microscopy (TEM) is the standard analysis technique used to 
image defects in single-crystal silicon. It works in much the same way as a slide 
projector, but uses electrons rather than electromagnetic radiation as the source. The 
silicon samples are cleaved and milled down to a few nanometres thick. An electron 
beam is fired through the sample, which diffracts off the atoms and defects before 
impinging on a florescent screen or an array of photo detectors. Defects can be picked 
up in the resultant electron “photograph”. Two main orientations are used in defect 
imaging, cross-sectional and plan view. In cross-sectional TEM, the electrons are fired 
through a sample that has been cleaved perpendicular to the surface, so the image 
orientation obtained is like looking at a slice of cake from the side. Plan view is where 
the electrons are fired perpendicular to the surface so the image is of the defect density 
in the implanted layer as a whole.
The TEM for this work was carried out at LAAS/CNRS in Toulouse, France. Plan view 
images were taken to look at the concentration of defects in the implanted region after 
laser annealing. The images were taken in Weak Beam Dark Field conditions using the 
imaging conditions, B=[113] zone axis with a high index diffracting vector (g=<422>) 
in order to increase defect contrast (visibility improvement) and the number of visible 
defect variants (increased apparent density) [144].
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3.11 Experimental Errors
This section addresses the errors associated with the experimental techniques used in 
this work and attempts to give an overall error for the electrical results.
Ion implantation:
The boron and germanium implants carried out by Applied Materials are thought to 
have an error in uniformity across the wafer of less than 1%.
Annealing:
The absolute temperature during the annealing is difficult to measure, however an 
estimation made by Hamilton puts this in the order of -1% . The error in the 
temperature between successive anneal runs can be estimated by sheet resistance 
measurements on ion implanted samples placed on the support wafer (section 3.3.2) and 
was found to be ~2%. Combining these two errors gives an uncertainty in the 
temperature of the annealer in the order of -3%.
Electrical Measurements:
The errors in calculating Na by the Hall effect are in the region of ±5% [132]. Sheet 
resistance errors using the VDP structure are also of the same order (±5%). As mobility 
is a function of both Rs and Na, this gives an error on the mobility as ±10%. 
Combining these errors with that of the implantation process, gives errors in the values 
of Rs, Na and mobility as 6%, 6% and 11% respectively.
Talystep
The error in the measurement of the etch depth by using the Talystep is ±5nm according 
to the Talystep manual. However, in section 3.6.2, it was shown that by comparing the 
depth measured by the Talystep, with that measured by Atomic Force Microscopy 
(AFM), that the two depths were in agreement to ~3nm [123]. The error in the final 
depth of the Hall profiles as can be considered to be in the order of ±3nm.
Rutherford Backscattering Spectroscopy:
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A comprehensive review of the errors in RBS analysis can be found in the paper by 
Jeynes et al [145], who found the error to be in the order of ±2%. This indicates that the 
error in the measurement of the amorphous layer thickness as measured by RBS is ±2%.
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C h a p t e r  4  : V a r y i n g  t h e  N u m b e r  o f  L a s e r  
S c a n s
This chapter investigates the use of a scanning laser to anneal silicon wafers that have 
been pre-amorphised with germanium and then implanted with boron. A germanium 
pre-amorphising implant was used because solid phase epitaxial re-growth by the laser 
can be utilised to activate the boron atoms. In addition, position of the 
amorphous/crystalline interface and hence end-of-range defect band can be tailored by 
adjusting the energy and dose of the germanium pre-amorphising implant [146]. The 
focus of this chapter is to investigate the effect of the number of laser scans used to 
anneal the boron implant. A secondary objective is to investigate how the energy and 
dose of the germanium pre-amorphising implant affects the activation and diffusion of 
the boron implant during the laser annealing. A comparison of the results is made to a 
boron implant that has received a conventional 1050°C spike anneal that is used by the 
industry to form the source/drain extension regions.
4.1 C o m p a r i s o n  W a f e r s
As non-melt laser annealing is being investigated as an alternative tool to form ultra- 
shallow source/drain regions, a comparison can be made with boron implants into pre- 
amorphised silicon that have been annealed by a conventional spike anneal. Two 
comparison wafers are used, they are of n-type (100) Czochralski-grown silicon, and 
have been pre-amorphised with germanium at either 5keV or lOkeV, both to a dose of 
lxlO15 cm'2. Boron was then implanted at 500eV, to a dose of lxlO15 cm'2. The two 
wafers were annealed in an Applied Materials RadianceZ>/w^(™) rapid thermal 
processing module at 1050°C with a 250°C/s ramp rate. The sheet resistance of these 
wafers were measured by the Van der Pauw technique and the boron distribution was 
measured by SIMS, these are illustrated in Figure 49.
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Figure 49: As-implanted and annealed Boron SIMS profdes and sheet resistance values for a 
500eV, lel5 B implanted into Ge pre-amorphised silicon (5keV and lOkeV, lel5), and spike 
annealed at 1050°C.
The sheet resistance values of 743 and 720 ohms/sq are low, but a large amount of 
redistribution of the boron has happened during the spike anneal resulting in junction 
depths (measured at 3 x l0 l8 cm'3) of 3 1 and 33nm. There is a kink in the boron SIMS
90 ^profiles at -1x10  cm' revealing an immobile peak which is due to BIC formation. 
These results give the benchmark for junction depth and sheet resistance with which to 
compare the laser annealed samples to.
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4.2 Experimental Details
Four n-type (100) Czochralski-grown silicon wafers were pre-amorphised with 
germanium and then implanted with boron. All the implants were made using an 
Applied Materials Quantum X implanter, running in drift mode for the germanium 
implants and decal mode for the boron implants. Table 5 shows the implant conditions 
for each wafer.
Wafer Ge PAI Boron
1 2keV 5e14 cm'2 500eV 2e15 cm'2
2 5keV 5e14 cm'2 500eV 2e15 cm'2
3 5keV 1e15 cm'2 500eV 1e15 cm'2
4 10keV 1e15 cm'2 500eV 2e15 cm'2
Table 5: Implant conditions for investigation into number of laser scans.
4 .2 .1  P r e - a m o r p h is in g  Im p la n t  S im u la t io n s
The germanium pre-amorphising implants were simulated using the Monte Carlo 
simulation program “KING” [147, 148] developed by G. Lulli and E. Albertazzi from 
the ion-implantation group at the CNR institute in Bologna, Italy. The program uses 
binary collision analysis to simulate ion implantation into crystalline silicon. From the 
damage distributions, the thicknesses of the amorphous layers of the germanium pre- 
amorphising implants can be calculated. The net excess of silicon interstitials that 
reside beyond the original amorphous/crystalline interface is calculated by subtracting 
the amount of vacancies generated by the germanium implant in this region from the 
amount of Si interstitials generated. The results in Figure 50 (a-d) show the simulated 
Ge implant distribution (black), the damage fraction (green) and net excess of silicon 
interstitials (red). The as-implanted boron SIMS profiles (blue) are also presented in the 
figures to show the position of the amorphous/crystalline (a/c) interface in relation to 
the boron profile.
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Figure 50: Ge distribution, Net excess of silicon interstitials and damage fraction as calculated from 
the Monte Carlo simulator “KING”, along with as-implanted B SIMS profiles, for the (a) 2keV 
5el4, (b) 5keV 5el4, (c) 5keV le!5 and (d) lOkeV le!5 Ge PAI conditions.
The simulation results show that an amorphous layer is expected to form for each of the 
Ge pre-amorphising implants. The thicknesses of the layers are estimated by taking the
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depth at which the damage is 50%, and are found to be 6.5nm, 12.4nm, 14nm and 
22.8nm respectively for the implantation conditions described by Figure 50. In the 
2keV Ge PAI case -7%  of the boron dose is implanted into the crystalline region 
beyond the a/c interface, compared to >1% for both the 5 and lOkeV Ge PAI cases. 
This is a significant proportion, and means that during the laser annealing this 
proportion of the boron dose will not undergo solid phase epitaxial re-growth. The 
result of this is that the activation is expected to be lower in the region beyond the 
original a/c interface, possibly impacting the total active dose.
By integrating the excess of Si interstitial curves (red plot in Figure 50) in the region 
beyond the amorphous/crystalline interface, an interstitial aerial density can be 
estimated. In the surface region of the excess of Si interstitial plots, a gap is seen in the 
plot, this is because the surface region is rich in vacancies and the plot becomes 
negative because the plot is interstitials -  vacancies. The estimated amorphous layer 
thicknesses and interstitial aerial densities for the four Ge PAI conditions are presented 
in Table 6. The excess interstitial doses from the Ge implants are all very similar to 
each other, and can be considered equal within errors associated with the a/c interface 
depth measurement. The position of the a/c interface in relation to the boron profile is 
different for each Ge PAI condition. In the 2keV Ge PAI condition, the a/c interface 
resides in the peak of the boron profile where the boron concentration is above 1020 cm'
3. The two 5keV Ge PAI conditions place the a/c interface in the tail of the boron 
profile where the boron concentration is ~1018-1019 cm'3, and the lOkeV Ge PAI 
condition places the a/c interface beyond the boron peak where the boron concentration 
is below 1018 cm"3.
Ge PAI Amorphous layer thickness
Net excess of silicon 
interstitials
2keV 5e14 cm'2 6.5nm 2.81 e14 cm"2
5keV 5e14 cm'2 12.4nm 2.51 e14 cm'2
5keV 1e15 cm'2 14nm 2.7e14 cm"2
10keV 1e15 cm"2 22.8nm 2.58e14 cm"2
Table 6: Amorphous layer thickness and Interstitial dose beyond the amorphous/crystalline 
interface as estimated from the Monte Carlo simulator “KING”.
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4 .2 .2  R u th e r fo r d  B a c k  S c a t t e r in g  (R B S )
To verify the amorphous layer thicknesses estimated from the KING simulations, 
Rutherford Backscattering Spectroscopy (RBS) was carried out on the as-implanted 
samples. The glancing exit RBS channelling spectra are shown in Figure 51.
600
Random2keV5keV
I280
Figure 51: Glancing exit RBS channelled spectra showing the surface damage due to the 2, 5 and 
lOkeV Ge pre-amorphising implants in reference to the random spectrum.
It can be seen that the surface peak which represents damage, increases with increasing 
germanium energy, but the peaks are not as high as the random orientation data. This 
would normally suggest that the surface regions are not amorphous, but this is not the 
case here. The expected amorphous layers are very thin and the depth resolution of the 
analysis technique is in the region of 5nm per channel. Amorphous layers of around 
6.5-22.8nm are being analysed, which are about 1-4 channels wide, so these will not be 
picked up easily by the RBS. The surface amorphous layer thicknesses were calculated 
from these spectra using the DataFurnace program [143]. Table 7 lists the amorphous 
layer thicknesses estimated from the KING simulations and those calculated from the 
RBS measurements. The values from the RBS measurements are slightly thicker than 
the values from the KING simulations, but the two techniques agree very well.
Wafer Ge PAI Amorphous layer thickness (KING)
Amorphous layer 
thickness (RBS)
1 2keV 5e14 cm'2 6.5 nm 7 nm
2 5keV 5e14 crri2 12.4 nm 14 nm
3 5keV 1e15 crri2 14 nm 15 nm
4 10keV 1e15 cm'2 22.8 nm 22 nm
Table 7: Amorphous layer thicknesses as estimated from KING and measured using RBS.
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4.2.3 As-implanted Boron Distribution
Secondary ion mass spectrometry (SIMS) was used to measure the as-implanted boron 
profiles, which are shown in Figure 52. All the profiles have the same shape, but the 
2keV Ge PAI shows a tail that is slightly more channelled than the tails for the other 
PAI conditions. This is probably due to the thinner amorphous layer in this sample. 
The peak of the green profile in Figure 52 is lower because this boron dose is half that 
of the other boron implants.
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Figure 52: As-implanted boron SIMS profiles for the four Ge PAI implant conditions.
4.2.4 Laser and Post-laser Annealing
The wafers were exposed to a scanning diode laser source, operated under non-melting 
conditions, which was used to anneal three stripes across each wafer. Each stripe, 
which is 10mm wide and 150mm long received 1, 5 or 10 scans (see Figure 53), with 
the surface of the silicon reaching a maximum temperature of 1 150°C. The scan speed 
was 105 mm/s, which corresponds to an anneal duration in the order of 1ms. The peak
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anneal temperature 
the annealing with 
Materials).
Figure 53: Diagram showing the three 
laser annealed stripes across the wafer 
(not to scale).
For the post-laser annealing, samples were taken from these stripes and annealed in dry 
N2 for 60 seconds at temperatures ranging from 600°C to 1000°C, using a Process 
Products Corporation rapid thermal annealing system operating with a 50°C/s heating 
ramp rate. The Van der Pauw technique was used to measure the sheet resistance of the 
samples after laser and post-laser RTA and the Hall effect was used to calculate the 
electrically active boron dose and hole mobility. SIMS was used to look at the total B 
concentrations with depth, while Differential Hall Measurements (DHM) were taken to 
determine the active boron concentration of selected profiles. Plan view Transmission 
Electron Microscopy (TEM) was also used to investigate the amount and size of any 
defects that are in the samples after laser annealing.
4.3 Electrical Results after Laser A n n e a l i n g
The electrical property of source/drain extensions that is of most interest to the industry 
is the sheet resistance (Rs). The sheet resistance values for the four implant conditions 
after laser annealing with 1, 5 or 10 scans can be seen in Figure 54. The trends 
represent the different implant conditions shown in Table 5. The initial sheet resistance 
values after 1 laser scan for the four implant conditions range from 909 ohms/sq for the 
2keV condition to 684-680 ohms/sq for the 5keV and 612 ohms/sq for the lOkeV 
condition.
was calculated by comparing sheet resistance measurements after 
samples of a known standard (this was carried out by Applied
8 2
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N u m b e r  o f  L a s e r  S c a n s
Figure 54: Sheet resistance as a function of laser scans for the four implant conditions.
These values are all very low and meet the requirements set out in the 1TRS (mentioned 
in chapter 2.2). As the number of laser scans is increased, the sheet resistance values 
drop. This could be due to a number of factors, so the electrically active boron density 
and the mobility of these samples will be determined, as they are constituent parts of the 
sheet resistance.
Figure 55 shows the electrically active boron density (Na) as a function of the number 
of laser scans for the four implant conditions. Comparing the values for the four Ge 
PAI conditions, there is a significant difference in electrical activation after 1 laser scan. 
At lOkeV, where the EOR damage would be furthest away from the surface and in the 
region of lowest B concentration, the boron implant has the highest initial electrical 
activation of ~4.9xl 0 14 cm'2. A similar value, 4.6xl014 cm'2, is obtained when the Ge 
PAI energy is reduced to 5keV, but in the 2 keV PAI case the electrical activation is 
-30%  lower, at 3.2x1014 cm'2. This clearly shows that when the Ge energy is reduced 
and hence the a/c interface is positioned closer to the boron, the active boron fraction 
decreases.
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Referring back to section 4.2.1, it is shown that -7%  of the boron dose in the 2keV Ge 
PAI case is implanted into crystalline silicon and that this may impact the overall active 
dose. However the -30%  reduction in electrical activation observed cannot be 
accounted for fully by this postulated reduction in carrier concentration.
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Figure 55: Electrically active boron dose as a function of laser anneal scans for the four implant 
conditions.
As the number of laser scans is increased to 5 and then 10 scans, it can be seen that the 
electrical activation in each Ge PAI sample trends towards the same value which 
implies that any effect that is seen after 1 scan is starting to be lost.
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Figure 56: Hall Mobility as a function of the number of laser scans for the four implant conditions.
The Hall mobility values in Figure 56 show a constant increase in mobility as the 
number of laser scans is increased. This ties in with the trend in electrically active 
boron density; as it decreases the mobility increases due to a lower amount of ionised 
impurity scattering which is the dominate scattering mechanism at room temperature.
However as the number of laser anneal scans is increased, the amount of boron 
diffusion also increases (which is discussed in the next section). This redistribution of 
the boron results in a lowering of the local density of ionised impurities in the peak of 
the profile, which could increase the mobility in the peak of the profile.
The mobility values for each sample are the same within the errors, which shows that 
the differences in Rs seen between the 4 implant conditions are due to differences in Na. 
The green curve shows a higher mobility, but as this set of samples has a lower 
electrically active boron density as can be seen in Figure 55, so this higher mobility 
could be due to a lower amount of ionised impurity scattering.
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4.4 B o r o n  Diffusion during Laser A n n e a l i n g
The diffusion of boron is another important variable that needs to be kept to a minimum 
to satisfy the junction depths outlined in the ITRS. Secondary Ion Mass Spectroscopy 
(SIMS) is used to measure the boron depth distribution, which reveals the junction 
depth and the extent of boron diffusion, the results of which are shown in Figure 57.
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Figure 57: As-implanted and laser annealed boron SIMS profiles for boron implanted at 500eV for 
the four Ge PAI conditions, showing (a) 2keV 5el4, (b) 5keV 5el4, (c) 5keV lel5 and (d) lOkeV 
lel5.
8 8
Co
nc
en
tra
ta
io
n 
(c
m
') 
Co
nc
en
tra
tio
n 
(c
m
')
Chapter 4: Varying the Number of Laser Scans
1 Scan Laser Annealr T •~1' 1 ■ i
10 15 20 25 30 35 40
Depth (nm)
Depth (nm)
8 9
Chapter 4: Varying the Number of Laser Scans
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Figure 58: SIMS profiles for the three Laser Anneal conditions, for each implant condition.
As the electrical measurements after 1 laser scan shows a substantial variation in Rs and 
Na compared to 5 and 10 laser scans, the focus will start on this 1-scan case (shown in 
Figure 58). The 2keV Ge PAI sample shows virtually no diffusion after 1 laser scan 
combined with the highest Rs, however the 5 and lOkeV Ge PAI samples show 
significant diffusion and much lower Rs. The lowest Rs is found in the lOkeV sample, 
together with evidence of ‘concentration-enhanced diffusion’ indicating a higher level 
of substitutional B in the deeper part of the B profile peak. In the 5keV Ge PAI 
samples, where the tail of the B profile overlaps the EOR region, it is possible to see, 
indirectly, a degree of B trapping at a depth of ~16nm [149].
Turning now to the situation after 10 laser scans, where the electrical properties for the 
different PAI conditions have converged to almost the same values, it can be seen that 
the diffusion in the 2keV sample is much less than in the 5 or lOkeV samples, resulting 
in a correspondingly lower junction depth. Highlighting this fact is the diffusion at 
concentrations of 1018 cm'3 and below is negligible, compared with the higher energy 
Ge PAI samples where substantial boron diffusion occurs.
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From SIMS profiles, the active concentration of the boron implant can be estimated. In 
the profiles in Figure 58 a kink and shoulder appear at a depth of around 5nm. This 
shows the boundary between the clustered and immobile high concentration peak of the 
profile, and the active and mobile lower concentration part of the boron profile. 
Looking in more detail at the plots in Figure 58, it can be seen that the kink and 
shoulder occur at about the same concentration for each of the three higher boron dose 
implant conditions. This occurs over all three laser anneal conditions. However, the 
lower boron dose implant shows the kink occurring at a lower concentration than the 
three higher boron dose implants suggesting a lower active concentration. This supports 
the electrical measurements shown in section 4.3, where the lower dose implant had a 
lower electrical activation.
Ge Implant 1 scan 5 scans 10 scans
2keV 5e14 cm'2 16nm 17nm 18nm
5keV 5e14 cm'2 17nm 20nm 20.5nm
5keV 1e15 cm"2 17nm 20nm 21 nm
10keV 1e15 cm'2 16nm 2 1nm 23nm
Table 8: Junction depth (Xj) measured at 3xl018 cin'3 for the four implant conditions after laser 
annealing with 1, 5 or 10 scans.
As mentioned previously, the junction depth is an important variable for ultra-shallow 
junctions; these are measured here at a boron concentration of 3x1018 cm'3 and are 
shown in
Table 8. The as-implanted junction depth for the samples described above is I4nm. 
After laser annealing, the 2keV Ge PAI condition has the shallowest junction depths at
16-18nm for 1-10 laser scans. The 5keV conditions have junction depths of 17-20.5 and
17-21nm and the lOkeV condition has junction depths of 16-23nm. Figure 59 shows 
the sheet resistance values for the laser annealed samples plotted against their 
corresponding junction depths.
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Figure 59: Sheet resistance vs. junction depth after laser annealing of the four Ge PAI conditions 
and compared with the spike annealed reference samples and the international technology 
roadmap for semiconductors requirements [8] as shown in Table 1 on page 5.
It can be seen that there is an improvement in Rs and Xj in the laser annealed samples 
when compared to the spike annealed samples. These laser annealed Rs values satisfy 
the requirements of the ITRS [8]. However, the junction depths do not satisfy the ITRS 
requirements because the energy that the boron has been implanted with results in an as- 
implanted Xj of 14nm, compared to the ITRS maximum Xj of 1 lnm. It is worth noting 
from the laser anneal results, that as the junction depth is reduced, the sheet resistance 
increases. This increase in sheet resistance as the junction depth is reduced can be a 
limiting factor in the fabrication of source/drain extensions.
4.5 Post-laser R T A  Electrical Results
The thermal stability of activated junctions can indirectly reveal the presence of EOR 
defects through a large amount of boron deactivation during post-activation annealing 
[50]. To investigate this, a 60s isochronal annealing schedule from 600°C to 900°C was 
carried out to examine the deactivation of the boron layer after laser annealing. The 
sheet resistance results are examined first.
*  ITRS Requirements
■
• -
• -
•  Spike Anneal ■
•
Laser Anneal %
•  •
•  2keV ▼  • .
•  5keV 5e14 -
•  5keV 1e15 -
•  10keV
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Figure 60: Sheet resistance against post-laser isochronal 60s rapid thermal annealing temperature 
for the 1, 5 and 10 scan cases.
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Looking at the trends in sheet resistance, after laser annealing with 1 scan (Figure 60 
(a)), it can be seen that as the temperature of the post-laser rapid thermal annealing is 
increased up to 700°C, the Rs increases slightly. But above 700°C a large increase in 
Rs is observed, the peak of which is found at ~800°C, this is known as deactivation. 
This observation is very similar to that made by Cristiano et al [50] and Lerch et al [54], 
who carried out a series of post-activation anneals after boron had been implanted into 
pre-amorphised silicon and activated at low temperature using solid phase epitaxial re­
growth. The deactivation observed in these studies was attributed to BIC formation as a 
result of silicon interstitial release from the EOR defects during the post-annealing. In 
the studies by Takamura et al [68, 69, 75], who used a laser to melt the surface of the 
silicon to activate a very high dose boron implant (~1016 cm'2) and eliminate EOR 
damage from a PAI, the boron deactivation during post-laser furnace annealing 
(>800°C) was attributed to boron precipitation because there was no supersaturation of 
Si interstitials. Murto et al [89] also used a melting laser to anneal boron implants into 
pre-amorphised silicon, but the energy density of the laser wasn’t enough to anneal out 
the EOR defects, therefore substantial boron deactivation was observed during a post­
laser rapid thermal anneal at 800°C for 30s. Taking these studies into account, the 
deactivation observed in this work is most likely due to BIC formation as a result of Si 
interstitial release from EOR defects.
The increase in Rs has decreased for all four implant conditions after laser annealing 
with 5 and 10 scans (Figs 55 (b, c)), indicating that there are fewer silicon interstitials 
present in the EOR defect band. The lOkeV sample now shows an increase of only 
-130  ohms/sq, and the 2keV sample increases by -150  ohms/sq after 10 laser scans, 
suggesting that the amount of excess silicon interstitials are trending toward a similar 
value after 10 scans. This lower amount of deactivation is similar to that observed by 
Lerch et al. [54], who found that flash-lamp annealing with a peak temperature of 1275- 
1325°C was sufficient to evolve the EOR defect band into dislocation loops. The 
supersaturation of interstitials at this stage of defect evolution is much lower than when 
{113} defects are present and hence the amount of deactivation during post anneals, 
driven by this supersaturation, is also lower. The results presented so far do not show 
any conclusive picture as to the state of the EOR defects, but further experimental work
9 4
that is discussed in section 4.7 shows that after 1 laser scan, a large amount of EOR 
defects are present in the samples, but after 10 laser scans, very few remain.
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The Hall effect measurements in Figure 61 show the electrically active boron density 
after laser annealing with 1, 5 or 10 scans and post-laser RTA at temperatures between 
600°C and 900°C. In the 1 scan case (Fig 56 (a)); the common trend for the four 
implant conditions is the large drop in active dose during the post-laser RTA from 
700°C-800°C with the minimum occurring at 800-850°C. This mirrors the deactivation 
observed in the sheet resistance. The 2keV Ge PAI condition has the lowest initial 
active dose value, that is consistently lower than the three other PAI conditions, which 
confirms that a greater proportion of the boron profile is clustered after 1 laser scan in 
this condition.
When 5 laser scans are used to activate the boron implant, the extent of the deactivation 
during the post-laser rapid thermal anneals has reduced for the 5 and 10 keV Ge PAI 
conditions. In contrast, the extent of deactivation for the 2keV condition remains the 
same as observed after 1 scan. If the number of laser scans is increased to 10 scans, the 
amount of deactivation during the post-laser annealing has decreased further in the 5 
and lOkeV Ge PAI conditions and the extent of the deactivation for all four implant 
conditions has converged to the same value. These results, like the sheet resistance 
results, suggest that after 1 laser scan a large supersaturation of Si interstitials remains 
in the sample. The reduction in deactivation observed after 5 and 10 scans suggests that 
the Si interstitial supersaturation is lower.
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The mobility results presented in Figure 62 shows that the mobility increases as the 
temperature of the post-laser rapid thermal annealing is increased, however the 
difference in mobility values between the 4 implant conditions is very small. The sharp 
increase in mobility from 700°C-800°C is due to a lower amount of ionised impurity 
scattering as substantial boron deactivation occurs. Beyond 800-850°C, where 
reactivation occurs, the increase in mobility would be due to a lower local ionised 
impurity scattering as the boron diffuses into the bulk.
4.6 Post-laser R T A  S I M S  a n d  D H M
In the previous section, the greatest deactivation was observed when a post-laser rapid 
thermal anneal at a temperature of ~800°C was used. Differential Hail Measurements 
(DHM) and SIMS are used to measure the active concentration and diffusion of the 
boron after laser annealing and post-laser rapid thermal annealing at 800°C for 60s, the 
results of which are illustrated in Figure 63. The carrier concentration profiles have 
been corrected for surface depletion with the depletion software from the University of 
Surrey Ion Beam Centre.
Taking the activation after 1 laser scan, the active concentration is almost up to lxlO21 
cm'3, but it drops an order of magnitude to when a post-laser rapid thermal anneal at 
800°C for 60s is performed. This indicates the formation of a large number of BICs 
during the post-laser annealing after 1 scan. Looking at the diffusion, the SIMS profiles 
show that the junction depth after 1 scan is 17nm, but this increases drastically to 31nm 
after the post-laser anneal, with the characteristic exponential tail of transient enhanced 
diffusion. Focusing on the 10 scan case, the active concentration drops only a small 
amount during the post-laser annealing. This shows that fewer BICs are being formed 
during the post-laser annealing after 10 scans. The junction depth increases from 21nm 
(after 10 laser scans) to just 26nm and the SIMS profile shows a steeper tail. These 
results show that there is a reduction in both diffusion and BIC formation during the 
post-laser annealing in the samples that recieved 10 laser scans over the samples that 
recieved only 1 scan. These results complement the sheet electrical results by showing 
that the detrimental effects of the EOR defects on the boron profile are reduced by laser 
annealing with multiple scans.
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Figure 63: Boron SIMS profiles and differential Hall measurements for the 5keV Ge PAI after laser 
annealing with (a) 1 or (b) 10 scans and after a +800°C 60s post-laser rapid thermal anneal, also (c) 
Resistivity verses depth raw data from the Hall profiler.
The resistivity raw data plots in Figure 63 show that the resistance increases through the 
profile. This is because carriers are being removed during the oxidation and etching. 
The resistivity for the 1 and 10 scan only cases are very similar, which corresponds to a 
similar carrier concentration. The lowest carrier concentration occurs after 1 scan with 
an additional 800°C 60 rapid thermal anneal, which also has the highest resistivity 
through the profile.
4.7 T E M  Results
In order to clarify the defect density during the laser annealing, Transmission Electron 
Microscopy was used to look examine the EOR defects. The micrographs in Figure 64 
show plan view TEM images for the four implant conditions after laser annealing with 1 
scan and 10 scans. After laser annealing with 1 scan, large densities of silicon 
interstitial defects are observed in the 5keV and lOkeV samples (Figure 64 (a, c and e)) 
a potential source of interstitials which accounts for the considerable deactivation 
during subsequent annealing. However, for the 2keV sample where the boron activation 
and diffusion was minimal, very few TEM-visible defects have formed (Figure 64 (g)).
The 2keV Ge PAI case is special because the a/c interface and hence EOR defect band 
is closest to the surface and in the high boron concentration peak of the boron implant. 
Cowern et al [40] showed that the silicon surface is a sink for Si interstitials and as the 
distance between the EOR defect band and the surface is reduced, the resultant flux of 
Si interstitials towards the surface during annealing increases. Therefore in the 2keV 
sample, the Si interstitial flux towards the surface would be the greatest out of all three 
Ge PAI samples and hence after a given anneal period (1 laser scan) fewer Si 
interstitials remain in this sample. However, the second point raised in the beginning of 
this paragraph will also affect the EOR defects. Haynes et al [150] reported that the 
number of {113} defects that formed in a self-implanted silicon wafer during annealing 
reduced in the presence of a boron layer. They go on to say that boron-interstitial 
clusters are preferentially formed rather than Si interstitial defects and when the boron
101
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concentration in the layer approached 1019 cm'3, no {113} defects were visible. 
Relating this to the 2keV sample, here the boron concentration at the position of the 
EOR defect band is >1020 cm'3, which suggests that BICs are preferentially formed in 
this sample rather than Si-interstitial defects. In addition, the position of the high 
concentration boron peak is between the EOR region and the surface which means that 
when the Si interstitials flow towards the surface, they will initially interact with the 
boron, leading to the conclusion that preferential BIC formation is the primary effect on 
the inhibition of self-interstitial cluster formation in the EOR region.
It is worth noting that BICs are much more stable than Si-interstitial defects of 
comparable size, and as a result they act as a temporary sink for interstitials [48], while 
at the same time there is less driving force for them to ripen into TEM-visible defects. 
Another consequence of the sinking of interstitials during BIC formation would be a 
reduction in boron diffusion, consistent with the diffusion data presented in section 4.4.
There are fewer defects in the 5 and lOkeV samples after laser annealing with 10 scans 
(Figure 64 (b, d, f)), and in the lOkeV case some defect loops have formed. In contrast, 
there are no visible defects in the 2keV sample after 10 laser scans (Figure 64 (h)). The 
size and distribution of the defects in the 5 and lOkeV samples indicates that a non­
conservative Ostwald ripening mechanism is occurring and therefore the amount of Si 
interstitials contained in the defects after 10 scans is lower than the amount after 1 laser 
scan.
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Figure 64: Plan view WBDF TEM images in (g,3g) condition with g=[224J showing defects after 1 
or 10 scans, (a, b) corresponds to sample pre-amorphised with Ge at lOkeV lel5 cm'2 and laser
1 0 3
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annealed with 1 and 10 scans, (c, d) corresponds to 5keV le!5 (1 and 10 scans), (e, f) corresponds to 
5keV 5el4 (1 and 10 scans) and (g, h) corresponds to 2keV 5el4 (1 and 10 scans).
4.8 S u m m a r y
In this chapter, the use of non-melt laser annealing with single or multiple scans as a 
tool to activate boron that has been ion implanted into germanium pre-amorphised 
silicon, has been investigated. The activation and diffusion of the boron after laser 
annealing and post-laser rapid thermal annealing has been studied along with EOR 
defect density after laser annealing only. The sheet resistance and electrically active 
boron dose results revealed a large deactivation during post-laser annealing in the 
samples that received 1 laser scan to activate the boron. When 5 or 10 scans were used, 
the deactivation during the post-annealing was significantly reduced. The diffusion of 
the boron was studied by SIMS and it was found that transient enhanced diffusion was 
present during post-laser annealing in the samples that received just 1 laser scan. Boron 
trapping in the EOR region was also observed in some of the samples where the EOR 
defect band was in the tail of the boron profile. Samples that received 5 or 10 laser 
scans showed less enhanced diffusion during post-laser RTA. DHM profiles measured 
on selected samples indicated a reduction in BIC formation during post-laser RTA when 
10 laser scans were used to activate the boron implant as opposed to 1 scan. Finally, 
TEM was used to look at the EOR defect density after laser annealing. The images 
showed that after 1 laser scan in the 5 and 1 OkeV Ge PAI conditions, a large amount of 
defects remain in the sample. The defect density reduced as 5 scans and 10 scans were 
used, and in the case of the lOkeV Ge PAI, some dislocation loops were present. The 
2keV Ge PAI condition shows a very few defects after 1 laser scan and after 5 and 10 
laser scans no defects are visible. An improvement in sheet resistance and junction 
depth is observed when compared to samples that have received a conventional rapid 
thermal spike anneal.
A combination of mechanisms appears to be acting to eliminate TEM-visible EOR 
defects and prevent significant diffusion of the ultrashallow boron implant. When the 
a/c interface, and hence EOR defect band, is positioned close to the silicon surface 
within a high concentration of boron, EOR defect formation is inhibited by the 
increased proximity of the surface which acts as an interstitial sink, and by the
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preferential formation of BICs rather than predominantly self-interstitial EOR defects. 
This second point is deemed to be the primary effect that governs the inhibition of the 
formation of Si EOR defects. The electrical properties of the four implant conditions 
trend towards similar values after 10 scans, but the 2keV Ge PAI condition has the 
lowest defect density, least amount of diffusion, and the location of the BIC-rich EOR 
band in this case is within the peak of the boron profile, thus avoiding potential issues 
with junction leakage. These results show that when using a scanning non-melting laser 
to anneal a boron implant in pre-amorphised silicon, by optimising the pre-amorphising 
and laser anneal conditions, a highly active, stable and defect-free ultra shallow junction 
can be formed.
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C h a p t e r  5  : V a r y i n g  t h e  L a s e r  A n n e a l  P e a k  
T e m p e r a t u r e
The aim of this chapter is to investigate the effect that the peak temperature of the laser 
anneal has on boron diffusion and activation in pre-amorphised silicon. Just one laser 
scan is used to anneal the boron implants in this instance as it showed the greatest 
effects during the post-laser annealing in the previous chapter.
5.1 Experimental Details
Two n-type Czochralski-grown (100) silicon wafers were pre-amorphised with 
germanium at either 5keV or lOkeV, to a dose of lxlO15 cm'2. The surface amorphous 
layer thicknesses were measured by Rutherford Backscattering Spectrometry, and found 
to be ~15nm and ~23nm respectively. Boron was then implanted into the amorphous 
layers at 500eV, also to a dose of lx l0 15 cm 2.
Each wafer was laser annealed at four different peak temperatures with a scanning laser 
(scan speed of 155 mm/s); a 3cm wide stripe was annealed across the wafers for each 
temperature (shown in Figure 65). The peak temperatures that the surface of the silicon 
reached were 1100°C, 1200°C, 1300°C and 1375°C. The wafers were mounted on a 
chuck which was kept at a temperature of 400°C during the laser anneal.
Figure 65: Diagram showing the four 
laser annealed areas on the silicon wafer 
and their corresponding peak 
temperature (not to scale).
lx l cm samples were cleaved from the laser annealed stripes and annealed in dry N2 for 
60 seconds at temperatures ranging from 600°C to 900°C, using a Process Products 
Corporation rapid thermal annealing system operating with a 50°C/s heating ramp rate.
1 0 6
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The Van der Pauw technique was used to measure the sheet resistance and the Hall 
effect was used to calculate the electrically active boron dose and hole mobility of the 
samples after laser and post-laser annealing. Secondary ion mass spectrometry (SIMS) 
and Differential Hall Measurements (DHM) were used to measure the atomic and active 
boron distributions on selected samples. Finally, diode structures were made on the 
laser and spike annealed comparison samples to measure the reverse bias junction 
leakage.
5.2 Electrical Results
The first electrical property that will be investigated is the sheet resistance. Figure 66 
shows the sheet resistance plotted against post-laser RTA temperature for the four peak 
laser anneal temperatures when an (a) 5keV and (b) lOkeV Ge pre-amorphising implant 
is used. The initial sheet resistance values after laser annealing (shown as 0°C) are low 
and decrease as the laser anneal temperature is increased.
During the post-laser rapid thermal annealing, a large amount of deactivation occurs in 
the 1100°C sample, with the peak at 800°C. This is similar to the observations made in 
the previous chapter and so is due to EOR defects releasing interstitials which form 
BICs in the peak of the boron implant. The amount of deactivation reduces as the laser 
anneal temperature is increased and the peak of which trends towards 850°C, this 
suggests that the remaining supersaturation of interstitials is also reducing as the laser 
anneal temperature is increased.
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Figure 66: Sheet resistance against post-laser RTA temperature for the different laser anneal pe: 
temperatures for the 5keV and lOkeV Ge PAI.
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In the sample that received a Ge PAI of 1 OkeV, the reduction in deactivation during the 
post-laser RTA after laser annealing at 1200°C is not as pronounced as the sample that 
received a 5keV Ge PAI. This is due to the flux of Si interstitials towards the surface 
being lower than in the 5keV Ge PAI sample, therefore after the laser anneal step, there 
is a greater amount of Si interstitials still in the EOR defect band. However, the 
deactivation after laser annealing at 1300°C and 1375°C is very similar to the same 
laser anneal temperatures in the 5keV Ge PAI samples.
The Hall effect results in Figure 67 show the electrically active boron density plotted 
against post-laser RTA temperature for the (a) 5keV and (b) lOkeV Ge PAI samples. 
The initial electrical activation values for the four laser anneal temperatures with the 
5keV Ge PAI show that the highest electrical activation is found with the highest laser 
anneal temperature (1375°C), but the 1100°C has the second highest value, and the 
1300°C, then 1200°C have the lowest electrical activation. In contrast, the initial 
electrical activation values for the 1 OkeV Ge PAI samples all lie within the error bars 
and so are roughly equal.
The electrical activation during the post-laser annealing shows the same deactivation 
trend as the sheet resistance results above. In the 5keV Ge PAI samples, the active dose 
drops by 68% during the post-laser RTA after laser annealing at 1 100°C. The drop in 
active dose decreases to 52% after laser annealing at 1200°C. The samples laser 
annealed at 1300°C and 1375°C show the least amount of deactivation with the active 
dose dropping by only 42% during the post-laser annealing. The deactivation in the 
lOkeV Ge PAI samples is greater than in the 5keV samples after laser annealing at 
1100-1300°C. The drop in active dose after an 1100°C laser anneal is 70%, after 
1200°C it is 65% and after 1300°C it is 50%. However, after laser annealing at 1375°C, 
the electrical activation drops by only 41%.
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Figure 67: Electrically active boron dose against post-laser RTA temperature for the different laser 
anneal peak temperatures for the 5 and lOkeV Ge PAI.
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Figure 68: Mobility against post-laser RTA temperature for the different laser anneal peak 
temperatures for the 5 and lOkeV Ge PAI.
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Figure 68 shows the mobility results for the four laser anneal temperatures against post­
laser RTA temperature. The initial mobility for the laser annealed samples increases 
with laser anneal temperature. During the post-laser RTA, the mobility increases with 
increasing post-laser RTA temperature due to lower ionised impurity scattering because 
of the drop in activation. This effect is more pronounced in the samples that have been 
laser annealed at 1 100°C and 1200°C, where the deactivation is greater.
The electrical results show that low sheet resistances can be obtained when a boron 
implant has been activated by a non-melt laser anneal at temperatures from 1 100°C to 
1375°C. Boron deactivation occurs during post-laser rapid thermal annealing, however 
the extent of which reduces as the laser anneal temperature is increased.
5.3 B o r o n  Diffusion during Laser A n n e a l i n g
Figure 69 shows the as-implanted and laser annealed boron SIMS and DHM profiles for 
the 5keV and lOkeV Ge PAI samples. The diffusion during the laser annealing is very 
small, but increases as the laser anneal temperature is increased. In terms of junction 
depth, the as-implanted depth measured at a boron concentration of 3x1018 cm*3 is 
14nm. This increases to 16.5nm, 18nm and 20nm when laser annealed at temperatures 
from 1100°C to 1375°C for the 5keV germanium pre-amorphising implant, and 16.5, 
17, 20 and 21nm for the lOkeV germanium pre-amorphising implant. The kink at 15- 
17nm in the 1100°C profile in the 5keV Ge PAI sample indicates boron trapping in the 
EOR defects. This is still observable after laser annealing at 1200°C, where the 
accumulation of boron is such that the junction depth exceeds that of the sample that 
was laser annealed at 1300°C. A larger feature is observable in the lOkeV Ge PAI 
sample after laser annealing at 1100°C and 1200°C at a depth of ~27nm; this is also 
boron decoration on EOR defects. There is a greater amount of diffusion in the lOkeV 
Ge PAI sample after laser annealing at 1100°C, compared to virtually no diffusion in 
the 5keV Ge PAI sample; this is similar to the diffusion results observed on page 77 in 
chapter 4.
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Figure 69: As-implanted and laser annealed boron SIMS and DHM profiles for 5keV and lOkeV 
Ge PAI.
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The differential Hall measurements in Figure 69 (a) reveal that the active boron 
concentration increases when the laser anneal temperature is increased from 1100°C to 
1200°C. When temperatures of 1300°C and 1375°C are used, there is no visible 
increase in the active concentration from the 1200°C level; a Hall scattering factor of
0.5 was applied to the profiles. The decrease in Rs as the laser anneal temperature is 
increased is therefore due to diffusion of the boron profile that results in an increase in 
mobility and a greater amount of substitutional boron in the deeper part of the profile.
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Figure 70: Sheet Resistance vs. Junction depth for the laser annealed samples, compared to the 
spike annealed reference samples and the ITRS requirements.
Returning to the junction depths after laser annealing, Figure 70 shows the sheet 
resistance against junction depth for the current laser annealed samples and the spike 
annealed comparison samples for both the 5keV and lOkeV Ge PAI conditions. By 
using a laser to anneal the boron implant as opposed to a conventional 1050°C spike 
anneal, both the junction depth and the sheet resistance are reduced. Similar to the 
previous chapter, the sheet resistance values after the laser annealing are much lower 
than the requirements laid out by the ITRS (2006 update)[8] but once again, the junction 
depths are too deep.
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5.4 B o r o n  Diffusion during Post-Laser A n n e a l i n g
As the peak of the deactivation occurred at a post-laser anneal temperature of 800°C, 
the boron diffusion during this post-laser anneal temperature was investigated and the 
results are presented in Figure 71 and Figure 72. The amount of diffusion during the 
post-laser annealing decreases as the laser anneal temperature is increased. In the two 
lower laser anneal temperature samples (1100°C and 1200°C), the tail in the SIMS 
profile is exponential in shape which is indicative of TED. Boron decoration is also 
visible at around 30nm in the lOkeV Ge PAI sample, showing that EOR defects are still 
present even after laser annealing and post-laser RTA at 800°C for 60s in these samples. 
The two higher laser anneal temperatures show steeper profiles that are similar to the 10 
scans +800°C 60s RTA results in Chapter 4, which suggests that there is a lower 
supersaturation of interstitials left in the samples after laser annealing at 1300 and 
1375°C.
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Figure 71: Boron SIMS and DHM profiles after laser and post-laser RTA at 800°C.
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Figure 72: SIMS profiles for laser annealed and after 800°C 60s rapid thermal annealing, for the 
(a) 5keV Ge PAI and (b) lOkeV Ge PAI, showing the positions of the initial amorphous/crystalline 
interface.
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The kinks in the profiles at 6nm indicate the level of active boron in the peak of the 
profile. Differential Hall Measurements were made to quantify these and a Hall 
scattering factor of 0.5 was used as the electrical profiles then agreed with the atomic 
profiles. For the 5keV samples (Figure 71 (a)) the active boron concentration after the 
800°C 60s post-laser annealing increases as the peak temperature of the laser anneal is 
increased. The kinks at 6nm in the lOkeV Ge PAI samples are lower than those of the 
5keV Ge PAI samples which implies that the active levels are lower. Referring to the 
conclusions in the previous chapter; the flux of interstitials towards the surface is 
slightly weaker in the 1 OkeV Ge PAI which corresponds to a higher supersaturation of 
Si interstitials in the EOR region after the laser annealing. This means that during the 
post-laser annealing, there is a greater number of Si interstitials in the lOkeV Ge PAI 
sample to deactivate boron atoms in the profile.
5.5 D i o d e  L e a k a g e  Results
Figure 73 (a and b) shows the reverse bias leakage current plotted against diode area 
and 4L (where L is the length) for the laser and spike annealed comparison samples that 
had a 5keV Ge PAI. As mentioned in section 3.7, the junction leakage current under 
reverse bias arises from carrier generation from defects that lie within the depletion 
region. However with mesa etched diode, a significant amount of edge leakage exists 
and there is evidence of this in the results presented below. In the figure, the data points 
for the samples laser annealed at 1375°C are in a more linear arrangement in (b) and (d), 
where the currents are plotted against diode length. This is an indication that a portion 
of the currents measured are from edge leakage.
It can be seen that by laser annealing at 1 100°C, the leakage current is much higher (by 
an order of magnitude) than the spike annealed sample, which acts as the benchmark. 
The leakage currents decrease significantly when the laser anneal temperature is 
increased to 1200°C. By increasing the laser anneal temperature to 1300°C and 
1375°C, the leakage current drops by a much smaller amount. These results support the 
sheet resistance trends and SIMS plots, in that the higher laser anneal temperatures 
anneal out more of the EOR defects than the lower temperature laser anneals.
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Figure 73: Reverse bias leakage current against diode area and length for laser and spike annealed 
samples with a (a, b) 5keV Ge PAI and (c, d) lOkeV Ge PAI, measured with a bias of -2V.
120
Chapter 5: Varying the Laser Anneal Peak Temperature
The reverse bias junction leakage currents for the samples that received a lOkeV Ge 
PAI are shown in Figure 73 (c and d). Like the 5keV Ge samples, the highest junction 
leakage is found in the sample that was laser annealed at 1 100°C. But when a lOkeV 
Ge PAI is used, the leakage after laser annealing at 1200°C is higher than the 1050°C 
spike anneal. Only when a laser anneal temperature of 1300-1375°C is used does the 
junction leakage current become of a similar magnitude to the 1050°C spike anneal 
sample. This shows that it takes a higher thermal budget to anneal out the defects when 
they are deeper into the sample.
The junction leakage results show that end of range defects are still present after the 
laser annealing, but the leakage associated with them can be reduced when the laser 
anneal temperature is increased. As only 4 diode sizes were used, it is difficult to be 
certain of the proportion of the leakage current resulting from edge leakage.
5.6 S u m m a r y
In this chapter, the peak temperature that the silicon surface reaches during the laser 
annealing was varied. The effect that this had on boron activation and diffusion in pre- 
amorphised silicon was the main focus.
An initial low sheet resistance value is obtained by the laser annealing, which decreases 
as the laser anneal temperature is increased; the sheet resistance values all fall within the 
requirements set out by the 2006 update of the ITRS. The sheet resistance then 
increases during post-laser RTA, reaching a peak at around 800/850°C and is mirrored 
by a large decrease in the electrically active boron density. A constant reduction in this 
deactivation was observed as the temperature of the laser anneal was increased from 
1100°C to 1375°C. SIMS profiles show that boron diffusion during the laser annealing 
is very small, in the order of a few nanometres, but increases as higher laser anneal 
temperatures are used. This resulted in junction depths of 16.5nm to 21nm as the peak 
temperature of the laser anneal is increased from 1100°C to 1375°C. Diode leakage 
measurements reveal that the reverse bias junction leakage currents of samples laser 
annealed at 1300°C and above are lower than in a sample that received a conventional 
spike anneal.
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The results show that by using a higher temperature with a single laser scan; boron 
deactivation and diffusion during post-laser annealing can be reduced resulting in an 
increasingly stable boron profile. However, the amount of reduction is not as much as 
in the previous chapter when 10 laser scans were used to anneal a boron implant into 
pre-amorphised silicon. This is due to the difference in thermal budget between using 
5-10 scans or using 1 scan at a higher temperature; the multiple scan condition having 
the higher thermal budget. This resulted in better defect dissolution, but also more 
boron diffusion in the multiple scan samples, therefore a trade-off exists between boron 
diffusion during the laser annealing and the state of the defects.
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C h a p t e r  6  : C o n c l u s i o n s  a n d  F u r t h e r  W o r k
6.1 C o n c l u s i o n s
This dissertation aimed to address the problems in creating highly active, p-type ultra­
shallow source/drain extension regions in silicon for future transistors. The fabrication 
of these regions is a non-trivial task due to the detrimental effects that the ion 
implantation damage has on boron activation and diffusion; namely boron interstitial 
clusters (BICs) and transient enhanced diffusion (TED). The requirements put on these 
regions in future devices by the international technology roadmap for semiconductors 
(ITRS [8]), means that control and minimisation of these effects is paramount.
Current fabrication techniques involve pre-amorphising the surface region of the silicon, 
implanting the boron into the region and then activation by solid phase epitaxial re­
growth. The residual implant damage (excess of silicon interstitial atoms) manifests 
itself as a band of defects in the region beyond the original amorphous/crystalline 
interface called the end-of-range (EOR). It is the silicon interstitials that are released 
during the evolution of these defects that causes the enhanced diffusion and clustering 
(deactivation) by interaction with the boron atoms. Additional co-implants such as 
fluorine and/or carbon have been shown to reduce boron transient enhanced diffusion by 
trapping the excess silicon interstitials in small defects before they come into contact 
with the boron. However, any defects that remain in the sample provide current leakage 
paths through the junction that degrade device performance.
The work carried out in this dissertation investigated the use of a scanning diode laser, 
used in the non-melt regime, to anneal boron that has been ion implanted into 
germanium pre-amorphised silicon for the formation of p-type ultra-shallow junctions. 
The aim was to study the deactivation during post-laser thermal processes in order to 
asses the stability of the junction in terms of boron electrical activation and diffusion 
and the effects that the laser annealing conditions have on it. A secondary investigation 
was carried out which focused on the optimisation of the pre-amorphising conditions. 
The main outcomes of this dissertation are as follows: -
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• Highly active ultra-shallow junctions are formed, which have low sheet 
resistance values that meet the targets set out by the ITRS.
• Boron deactivation during post-activation thermal processing is be dramatically 
reduced by multiple scan laser annealing, which removes a majority of the EOR 
defects; this demonstrates that a thermally stable junction is obtainable.
• Low junction leakage currents are measured in laser annealed samples, which 
are lower than in conventional rapid thermally annealed samples.
• By optimising the pre-amorphising implant conditions to a 2keV Ge implant, a 
defect-free junction can be formed, highlighting that co-implantation with other 
species is not needed.
• Boron diffusion during non-melt scanning laser annealing is very small, in the 
order of a few nm which helps maintain a shallow junction depth.
• Non-melt laser annealing is a viable solution for formation of highly active, 
stable and ultra-shallow junctions.
The results in this dissertation have demonstrated that by using non-melt laser annealing 
as a tool to activate ultra-shallow boron implants in pre-amorphised silicon; sheet 
resistances as low as -540 ohms/sq can be obtained, with junction depths as shallow as 
16nm. Both the sheet resistance values and junction depths are lower and shallower 
respectively than when a conventional rapid thermal spike anneal regime is used on 
identical implant conditions; this highlights the main advantages that non-melt laser 
annealing has over this technique. In addition, the sheet resistance values for all of the 
implant and laser anneal conditions used in this study meet the requirements on future 
transistors set out by the ITRS.
During subsequent rapid thermal annealing, boron deactivation occurs as a result of 
excess Si interstitials being released from EOR defects, forming BICs with boron atoms 
in the peak of the implant profile. The results presented in this work show that when a 
single laser scan is used to anneal the boron implant, by increasing the anneal 
temperature from 1100°C to 1375°C, the deactivation is reduced by 79%. Furthermore, 
boron deactivation can be reduced by up to 91% by increasing the number of laser scans 
used to activate the boron implant from 1 scan to 10 scans at an anneal temperature of 
1150°C. This is due to a reduction (dissolution) of EOR defects during the laser
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annealing. A knock on-effect of the dissolution of the EOR defects is that junction 
leakage is also reduced. The reverse bias junction leakage measured on diode structures 
made on the laser annealed samples show a reduction down to levels below that of 
samples that have received a conventional rapid thermal anneal.
By reducing the germanium pre-amorphising implant energy and using a 2keV Ge 
implant, a defect-free ultra-shallow junction can be formed. This is believed to be a 
result of two mechanisms; when the a/c interface, and hence EOR defect band, is 
positioned close to the silicon surface within a high concentration of boron, EOR defect 
formation is inhibited by the increased efficiency of the surface as an interstitial sink, 
and by the preferential formation of BICs rather than predominantly self-interstitial 
clusters.
6.2 Further w o r k
The work carried out in this dissertation has contributed a great deal of knowledge into 
formation of p-type ultra-shallow junctions using non-melt laser annealing. However, 
there are still some avenues left to explore using this technique; this section aims to 
cover these areas.
6 .2 .1  O p t im is a t io n  o f  t h e  L a s e r  C o n d i t io n s
The laser anneal variables that were covered in this study were the peak temperature and 
the number of scans. As the laser used a scanning system, the scan speed could be 
varied to adjust the anneal dwell time. However, the thermal budget depends mainly on 
anneal time, and this study covered multiple passes of the laser, which is analogous to 
varying the anneal dwell time.
The biggest process integration problem with a scanning laser is the ability to anneal 
uniformly across the wafer. The laser used in this study had a beam width of only 
10mm; in order to cover a whole wafer, adjacent scans would be needed. There will 
need to be a degree of overlap between the scans to make sure that the whole wafer is 
annealed. This study has shown that by using multiple scans, the structure and electrical
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properties of the junction vary greatly to when just one laser scan is used. This would 
have a large impact on the uniformity of devices across a single wafer.
In addition, TEM analysis of samples laser annealed at different temperatures is needed 
to investigate the effect of the laser anneal temperature on defect formation.
6 .2 .2  O p t im is in g  t h e  Im p la n t  C o n d i t io n s
The main limitation in this work was the junction depth, the boron ion were implanted 
at 500eV, giving an as-implanted junction depth of 14nm. This depth is not shallow 
enough for future devices, so the challenge of creating an ultra-shallow junction that 
meets the ITRS requirements still needs to be met. Reducing the junction depth can be 
achieved by reducing the ion implantation energy; however this will increase the sheet 
resistance of the implanted layer, due to the trade-off between junction depth and sheet 
resistance.
The results presented in this dissertation show that when a 2keV Ge PAI is used, some 
of the dose (~7%) is implanted beyond the amorphous region into single-crystal silicon. 
It was found that the differences in electrical activation and diffusion of the boron 
cannot be attributed fully to this fraction of boron in the single-crystal silicon. The 
position of the EOR defect band to the surface and high concentration peak of the boron 
profile has the greater effect. Assessing the electrical activation/deactivation and 
diffusion of boron implanted into crystalline silicon and then laser annealed will 
complement this study.
6 .2 .3  A p p l ic a t io n  o f  L a s e r  A n n e a l i n g  to  O t h e r  D o p a n t  S p e c i e s
CMOS devices consist of both PMOS and NMOS transistors fabricated side-by-side, so 
applying non-melt laser annealing to n-type dopant species is a logical next stage. 
Phosphorous, like boron, can be affected by silicon interstitial-mediated transient 
enhanced diffusion. This opens up the opportunity to investigate whether the same 
improvements that were found in boron diffusion reduction can be replicated in 
phosphorous implants. If it can be found, a single laser anneal recipe for activation of
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the source/drain extensions in both PMOS and NMOS devices is the ideal solution to 
replace conventional rapid thermal spike annealing.
6 .2 .4  A lt e r n a t iv e  S u b s t r a t e s
Crystalline silicon is the substrate of choice for the fabrication of modern devices; 
however, there are other substrate materials that are being explored as possible 
replacements for it. This section covers these alternative substrates. The mobility 
enhancement advantages of strained silicon have been implemented in some current 
devices by creating a localised strain in the channel region. This has sparked research 
into the effect of strain on the formation of the source/drain extensions. Incorporating 
laser annealing is an option to explore the boundaries of strained silicon. SiGe has also 
been used in some current devices; in the source/drain contact regions. Investigating the 
activation and diffusion of dopants in SiGe is another possible research direction. 
Silicon-On-Insulator (SOI) is a very promising substrate that has advantages over bulk 
silicon such as reduced device leakage and radiation hardness. It has been shown that 
by using pre-amorphising implants, improvements in junction depth and boron 
activation have been made.
6 .2 .5  E f f e c t s  o f  L a s e r  A n n e a l i n g  o n  O t h e r  T r a n s i s t o r  
C o m p o n e n t s .
Although they are formed early on in chip manufacture, the source/drain extension 
regions are fabricated after the gate stack as been made. The laser annealing could 
modify the electrical properties and structure of the poly Si and oxide parts of the gate. 
So an investigation on the effects that the laser annealing has on the gate is another 
study that could be carried out.
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